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Asphalt concrete (AC) is the most common material used for the construction of pavements in the 
U.S. and many other countries in the world. With the increasing use of recycled materials like 
reclaimed asphalt pavement (RAP) and recycled asphalt shingle (RAS), the cracking resistance of 
asphalt pavements might be jeopardized. Therefore, such AC mixtures should be carefully 
investigated to ensure that performance is not compromised in the pursuit of an economical and 
sustainable solution.  
This study investigates 17 mixes including five leveling binders (LB) and 12 surface mixes, 
which have been used by the Illinois Department of Transportation (IDOT) in different 
rehabilitation projects across the State of Illinois, between 2013 and 2015. These AC mixes contain 
asphalt binder replacement (ABR) from 15 to 60%, acquired from RAP and RAS, whereas these 
mixes also contain steel slag and crushed concrete. In order to evaluate these AC mixes, a thorough 
laboratory testing, including indirect tensile creep compliance and strength, Hamburg wheel 
tracking test, and the Illinois flexibility index test (I-FIT) was conducted to evaluate thermal 
cracking susceptibility, rutting, and cracking resistance, on plant-mixed lab-compacted (PMLC) 
mixes and three sets of field cores. The extensive exploratory data analysis on creep compliance 
showed that softer binder and higher asphalt content result in more compliant mixes, while 
recycled materials tend to decrease the compliance of AC mixes. Likewise, softer binder and 
recycled materials tend to counterbalance each other’s impact. Similarly, the LB has relatively 
higher creep compliance as expected due to its design which is intended to retard reflective 
cracking. The IDT strength at -10°C is very similar across all AC mixes irrespective of the amount 
of recycled materials. Results also show that IDT creep compliance and strength might not 
distinguish the effect of field aging. The Pavement Mechanistic-Empirical Design Guide 
(MEPDG) uses the empirically developed model for the prediction of creep compliance as an input 
for Level 3 analysis, which uses mix and binder properties. However, the impact of recycled 
materials was not captured in the MEPDG nor in the modified models. This research proposes a 
new model to predict creep compliance that captures the effect of recycled materials.  
The I-FIT results show that PMLC mixes have relatively lower flexibility index (FI) as 
compared to first field cores due to the difference in aging and compaction conditions. FI decreases 
with the increase in aging and recycled materials, while the strength and secant modulus increase. 
All AC mixes offered excellent rutting resistance, because they contain high ABR, and the 
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resistance increased with aging as expected. The balanced mix design approach was utilized, based 
on rut depth and FI, which showed the convergence of AC mixes to stiffer zone with field aging. 
Similarly, secant modulus was added to the existing balance mix design as a stiffness indicator to 
control soft mixes. Furthermore, the field results confirm an excellent rutting performance in all 
sections. In addition, an exponential increase in transverse cracking was observed, which correlates 
with FI values obtained on the corresponding mixes. Thus, it is believed that I-FIT is a very simple, 
promising, and distinguishable test for evaluating the cracking resistance of AC mixes, which 





















I am extremely thankful to the Almighty Allah, the most Merciful, for providing me with the 
ability, understanding, and guidance to successfully complete this research study as a requirement 
for my master’s degree.  
I am ever so grateful to my adviser, Professor Imad L. Al-Qadi, for his outstanding support, 
insightful guidance, and, most importantly, for believing in me. I acknowledge his significant 
contribution to my research and professional growth. His knowledge, experience, and leadership 
have definitely made my journey very productive. I pay special thanks to my mentor, Dr. Hasan 
Ozer, for helping me in spite of his busy schedule.  I am also grateful to the Fulbright program and 
IIE adviser Stephanie Sasz, and to Sarah McCormick for supporting me during my master’s 
studies.  
Thanks to Dr. Kamal Hossain and Dr. Shenghua Wu for their help inside and outside the 
lab, and for always coming up innovative ideas and solutions; their support was significant for the 
completion of this research study. I would also like to extend my gratitude to the research engineers 
at the Illinois Center for Transportation (ICT), Greg Renshaw and Michael Johnson, for their 
excellent help and facilitation inside the lab.  
Special thanks to ICT and the materials research group, including Punit Singhvi, Ahmet 
Karakas, Saleh Yousefi, Arturo Espinoza, Jose Rivera, Edoardo Barber, Uthman Mohamed, Izak 
Said, and Mohammad Sawalha. I am blessed to be surrounded with such wonderful people in my 
life who have continuously encouraged and supported me. Thanks to uncle Latif Khan and my 
aunt for making my stay happy and joyful in Champaign-Urbana.  
This study is partially based on the results of ICT/IDOT research project R27-161, 
Construction and Performance Monitoring of Various Asphalt Mixes. This research would not 

















I dedicate this humble work to my parents whose unconditional  















TABLE OF CONTENTS 
 
CHAPTER 1 INTRODUCTION ................................................................................................. 1 
CHAPTER 2 TESTING MATERIALS AND METHODOLOGY .......................................... 5 
CHAPTER 3 IDT CREEP COMPLIANCE ANALYSIS AND MODELING ...................... 13 
CHAPTER 4 FRACTURE AND RUTTING CHARACTERIZATION OF AC MIXES .... 31 
CHAPTER 5 FIELD RESULTS AND ITS CORRELATIONS WITH LABORATORY 
DATA ........................................................................................................................................... 46 
CHAPTER 6 SUMMARY, FINDINGS, CONCLUSIONS AND RECOMMENDATIONS 52 
REFERENCES ............................................................................................................................ 55 




CHAPTER 1 INTRODUCTION 
 
1.1. Background 
Asphalt concrete (AC) is the most common material used for the construction of pavements in the 
U.S. and many other countries in the world. To cope up with the constantly increasing demand of 
materials in road construction, agencies are using recycled materials as a part of a sustainable and 
economic strategy. In addition to this, the crude oil prices vulnerability since 1970s necessitated 
the incorporation of recycled binder in AC mix design, which was further boosted with the pursuit 
of sustainable alternatives. The use of recycled materials preserves natural resources, including 
virgin binder and aggregates, and reduces landfill, thus resulting in economic benefits. Research 
shows that recycled materials utilization could optimize materials with respect to their cost and 
natural resources conservation (1). The common recycled materials being used are recycled asphalt 
pavement (RAP), recycled asphalt shingle (RAS), and recycled concrete aggregate (RCA), in 
addition to steel slag, which is a by-product from steel production. The Federal highway 
administration (FHWA) reported that approximately 33% of recycled pavement was utilized in 
AC construction in 1996 (2). The National Asphalt Pavement Association estimated that 74.2 
million tons of RAP and 2 million tons of RAS were used in pavements construction in 2015 in 
the U.S., saving more than $2.5 billion, which is a significant amount in a single year (3). When 
RAP and RAS are used in AC mixture production, petroleum-based virgin binder is partially 
replaced by the recycled binder existing in RAP and RAS, thus resulting in cost savings during the 
production of such recycled mixes. The strategy of asphalt binder replacement (ABR) and its 
effectiveness on the design of AC mixes as well as performance have been investigated in many 
states.  
There has been an increase in ABR usage and recently up to 60% ABR has been used, with 
about 8-53% RAP and 4-8% RAS content (4). Besides the economic advantages and a sustainable 
approach, the stiff nature of RAP and RAS have proven to increase some performance parameters 
such as permanent deformation (5–7). Studies show that the inclusion of RAP increases rutting 
resistance, but decreasing cracking resistance, including thermal cracking resistance (8–13). 
Similarly, other studies found that the incorporation of RAS could result in a relatively more rut-
resistant mix, but RAS reduces thermal and fatigue cracking resistance (12, 13). Many research 
studies also concluded that the addition of steel slag not only substitutes virgin aggregates but 
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results in good performance against thermal cracking (14) and permanent deformation (15, 16), 
and enhances AC fatigue life (16). Many states using recycled concrete aggregate as an ordinary, 
or base aggregates, showed promising results; however, the difference in chemical and physical 
properties of RCA from virgin aggregate could be problematic. A study has shown that the 
inclusion of RCA could potentially reduce AC modulus and tensile strength ratio. Hence, it was 
suggested to limit the use of RCA in low volume roads (17). It is well-documented that the 
introduction of recycled materials like RAP and RAS, RCA, and steel slag may pose some 
challenges at the AC mix design stage, which may impact the performance of AC mixes due to the 
complicated, and oftentimes unknown, nature of the recycled materials. Therefore, laboratory 
testing is often needed along with field verification to ensure well performing AC mixes. Flexible 
pavements experience different distresses, such as rutting, fatigue, and thermal cracking, due to 
environmental and vehicular loading along with design and construction issues. Thus, it is 
important to design the pavements while considering these distresses. This requires the utilization 
of proper mitigation strategies and thorough laboratory investigations of AC mixes containing 
recycled materials.    
1.2. Application of Recycled Materials in Illinois 
The State of Illinois has been using recycled materials since the 1980’s. Lippert et al. (2013, 2015) 
reported a four-times increase in the use of recycled materials in 2013 with respect to 2009, and a 
22% rise in 2015 over 2014 in Illinois (4, 18). Lippert et al. also reported an increase of 47% in 
RAS use from 2014 to 2015 (18). RAS is very rich in asphalt binder and normally consists of 19-
36% binder of RAS weight (19). This shows that the State of Illinois promotes the objective of 
sustainable pavements. However, the use of steel slag and RCA is not very common in Illinois. 
Recycled materials may decrease initial costs, but long-term performance could be compromised 
if proper mitigation strategies are not employed. Consequently, it is critical to evaluate the AC 
mixes containing recycled materials to ensure that performance is not undermined in the pursuit 
of an economical and sustainable design. To address the likelihood of performance trade-off, 
various agencies are using different strategies to mitigate the effect of aged binder such as bumping 
down (softer) binder performance grade (PG), increasing effective asphalt binder content, and 




1.3. Problem Statement and Objectives 
The effect of recycled materials like RAP, RAS, RCA, and steel slag on AC mixes’ characteristics, 
such as resistance to rutting and cracking are not quantified. To accomplish this, thermal cracking 
susceptibility, rutting and fracture potential were investigated by conducting mechanical tests, to 
better understand the effect of recycled materials and potential trade-offs. To the best of the 
author’s knowledge, no studies have been reported on developing a creep compliance model while 
considering the effect of recycled materials. This research evaluated the prediction power of 
MEPDG creep compliance model, calibrated with local data, and finally established a modified 
model which captured the effect of recycled materials in the form ABR. 
1.4. Research Approach 
To understand the varying amounts of recycled materials on AC mixes performance, the following 
tasks were performed.  
 IDT (indirect tensile) creep compliance and strength was performed to evaluate thermal 
cracking susceptibility of AC mixes; whereas, a new model was proposed to predict creep 
compliance of mixes containing recycled materials. 
 The incorporation of recycled materials could pose serious cracking performance issues 
which might undermine the service life of the pavements. I-FIT was used to characterize 
the fracture potential of different AC mixes containing various amounts of recycled 
materials. 
 The widely used Hamburg wheel tracking test was utilized to investigate the rutting 
potential of AC mixes.  
 A balanced mix design approach was followed to holistically evaluate cracking and rutting 
potential of AC mixes and investigated the performance evolution with field aging.  
  Asphalt concrete performance was evaluated in field in terms of cracking and rutting. Field 
performance results were correlated with HWTT and I-FIT results.  
1.5. Research Scope 
This thesis consists of six chapters: Chapter 1 discusses the general overview and the use of 
recycled materials and their potential implication along with a discussion of the research objectives 
and research approach. Chapter 2 presents information about the AC mixes and the testing 
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methodologies used in this study to investigate the performance of AC mixes containing recycled 
materials. Chapter 3 presents IDT creep compliance and strength, followed by data analysis to 
evaluate the effect of various AC mix variables on creep compliance and strength. Similarly, 
thorough data analysis and statistical tools were employed to obtain the proposed creep compliance 
model. Chapter 4 presents the fracture and rutting characterization of various AC mixes using I-
FIT and HWTT machine, respectively. This is followed by implementing the balanced mix design. 
Chapter 5 presents field performance results in terms of cracking and rutting; a correlation between 
lab and field results is also presented. Chapter 6 offers the summary, findings, conclusions, and 
recommendations.  
1.6. Research Impact 
This research study includes extensive laboratory investigation on different performance aspects 
of AC mixes, thus providing a good knowledge base and better understanding of the usage of 
recycled materials, potential trade-offs, and effect of field aging evolution with respect to cracking 
and rutting potential. It also provides an insight into potential strategies to mitigate the stiffer 
behavior of recycled materials on the viscoelastic behavior of AC mixes. Along with this, a 
proposed creep compliance prediction model could be applied to AC mixes containing recycled 
materials. In general, this study which would ultimately guide engineers to a better understand the 
change in AC material characteristics where recycled materials are incorporated in mix. In 













CHAPTER 2 TESTING MATERIALS AND METHODOLOGY 
 
2.1. Overview 
Using recycled materials could make the AC mix complicated and its performance compromised, 
unless proper mitigation strategies are employed at the AC mix design stage. Thus, it is important 
to evaluate the performance of such AC mixes using different laboratory tests to investigate 
various performance parameters and ensure that the mix performs better following specific 
volumetric requirements prescribed by the Superpave method. The following sections present AC 
mixes designs, aggregate gradations, and the testing methodologies used in this research.  
2.2. Description of AC Mix Design  
A total of 17 AC mixes, including 12 surface mixes and five leveling binders (LB), were used in 
this study. These AC mixes were recently applied by the Illinois Department of Transportation 
(IDOT) at different construction projects between the years 2013 and 2015 in Illinois; the 
approximate locations are given in Figure 5.1. Five of the 12 surface AC mixes are total recycled 
asphalt (TRA) mixes which contain up to 60% ABR obtained from RAP and RAS, and 100% of 
its aggregate is from RAP, RCA, and steel slag; the remaining surface AC mixes contain 15-30% 
ABR. The LBs contain 29-35% ABR and contain relatively higher binder content of 7.7 to 8.1%; 
as compare to surface AC mixes. The TRA mixes include 2.7% to 3.4% virgin binder, while the 
rest of the binder is obtained from RAP and RAS. The LB’s were used to control the reflective 
cracking from underneath the layers, due to their high asphalt content and flexibility as compared 
with the surface AC mixes. It should be noted that 19-25mm thick LB and polymer modified binder 
of PG 70-28 were laid before placing the surface AC course, as a platform, correct minor variation 
in pavement profile, and to mitigate the potential reflective cracking (20). Similarly, LB’s have a 
nominal maximum aggregate size (NMAS) of 4.75 mm, and surface mixes (SM) have 9.5 mm, 
respectively. Interestingly, 29-35% ABR has been used in LB’s mix designs, which could 
potentially imperial the intended design objectives of such expensive AC mixes. Table 2.1 presents 
the detailed information about all surface and LB mixes. The aggregate gradations of surface AC 




Table 2.1 Mixes Information 
*Total recycled asphalt (TRA) (total recycled aggregate with high ABR). It also contains steel slag of 27, 
27, 14, 68.3 & 15%, respectively and recycled concrete aggregate of 27 & 30% in 338N67 & 137L62, 
respectively. LB=Leveling binder, and SM= Surface mix 




                                                   [2.1] 
 
2.3. Performance Tests 
In order to evaluate the performance of these AC mixes, comprehensive laboratory testing was 
performed on plant mixed lab compacted (PMLC) and three sets of field cores/plant mixed field 
compacted (PMFC). The first, second, and third field cores obtained in 2015, 2016, and 2017 are 
represented as PMFC_01, PMFC_02 and PMFC_03, respectively. It should be noted that all 
PMLC specimens were prepared at 7±0.5% air voids; whereas, PMFC has different air voids and 










RAP, % AC, % 
% Passing 
#200 
163Y04-LB - 70-28 29 5 24 8.1 6.3 
163N07-LB - 70-28 29 5 24 8 6.3 
163N08-LB - 70-28 29 5 24 7.7 6.1 
147Y03-LB - 70-28 35 5 33 8 6.4 
141Y02-LB - 70-28 32 5 29 7.7 7 
156Y03-SM N70 64-22 15 2.5 5 5.6 4.7 
157Y03-SM N70 58-28 29 5 10 5.7 5.5 
159Y02-SM N70 58-28 29 0 34 6 6.1 
140Y02-SM N70 58-28 30 3.1 20 5.5 4.6 
159Y04-SM N70 58-34 29 0 34 6 6 
177Y04-SM N70 58-34 30 3.1 20 6.6 6 
185N07-SM* N70 52-28 48 5 39 6.3 6.6 
185N08-SM* N70 52-34 48 5 39 6 6.6 
137L62-SM* N50 52-28 60 4.6 51 6.7 6.8 
138P70-SM* N50 52-28 37 0 27 5.8 5.5 
338N67-SM* N50 58-28 56 5 53 6.5 6.6 
306M30-SM N70 58-28 20 0 30 5.9 5.8 
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2.3.1. Indirect Tensile Testing (IDT): Creep Compliance and Strength  
Creep compliance is defined as “the time-dependent strain divided by applied stress” (AASHTO 
T-322). In order to determine the creep compliance of various AC mixes, AASHTO T 322-
07(2011) ‘Standard Method of Test for Determining the Creep Compliance and Strength of HMA 
Using the Indirect Tensile Test Device’ was used (21). The test setup is shown in Figure 2.3. The 
IPC UTM-100 servo-hydraulic frame, capable of providing up to 100kN static load (stress 
controlled), was utilized. A seating load of about 30N to 60N was applied to avoid the impulse 
loading effect. The loading was ramped up in one sec to the desired static load; whereas, static 
load (creep load) was selected based on the horizontal deformation to be within a linear viscoelastic 
range from 0.00125mm to 0.0190mm (33-500 micro strain), in accordance with AASHTO T-322. 
The selected static load (creep load) was applied on the specimen for 1000sec.  
In this study, the creep load varied from 2kN to 15kN for various AC mixes at different 
temperatures. It was observed that the creep load is higher for surface AC mixes as compared to 
LB’s in order to produce deformations within the linear viscoelastic range. In addition, PMLC has 
relatively higher creep load as it has more thickness compared with the field cores. The creep 
compliance testing temperature was selected based on binder grade of PG XX-28 and PG XX-22, 
commencing from -20°C (coldest temperature) followed by other warmer temperatures of -10°C 
and 0°C to avoid damage to the specimen. The vertical and horizontal deformations were measured 
by extensometers attached to both sides of the specimen. These deformation values against the 





























time were used for the calculation of creep compliance. Additionally, the thickness and diameter 
of the disk-shaped PMLC specimens were 50mm and 150 ± 9mm, respectively; whereas, the 
design air voids were 7 ±0.5%. Three replicates were tested for each AC mix.  Following is the 
formula for creep compliance calculations.  
D(t) =
∆Xtm,t × Davg × bavg
Pavg × GL
× Ccmpl [2.2] 
where, 𝐷(𝑡) = creep compliance at time t (GPa)-1; ∆𝑋𝑡𝑚,𝑡 = trimmed mean of the ∆𝑋𝑖,𝑡 arrays;  
𝐷𝑎𝑣𝑔 = average diameter (mm); 𝑏𝑎𝑣𝑔 = average thickness (mm); 𝑃𝑎𝑣𝑔 = average creep load in kN; 
𝐺𝐿 = gauge length (38mm); and Ccmpl is define by the following equation.  





− 0.332 [2.3] 
where, X/Y is the absolute ratio between the normalized, trimmed mean of ∆X and ∆Y. Similarly, 
the correction factor for the creep compliance, is restricted by the following range.  
[0.704 − 0.213 (
bavg
Davg
)] ≤ Ccmpl ≤ [1.566 − 0.195 (
bavg
Davg
)]  [2.4] 
Poisson’s ratio, ν, was calculated using the given equation. 
















where, 0.05≤ν≤0.5, X and Y are horizontal and vertical deformations, respectively.  
Using the D (t) (1/GPa) and time (sec), the master curve was developed with respect to a reference 
temperature of -20°C using time–temperature superposition principle. Since creep compliance is 
a non-destructive testing, the same specimens were used for indirect tensile strength at -10°C, 
using 12.5mm/min load rate. PMLC were tested for 50mm and 150 ± 9mm thickness and diameter 
respectively; however, PMFC had 30-35mm thickness due to limited overlay thickness.  
where, 𝑆𝑡,𝑛 is the strength of specimen, n. ; 𝑃𝑓,𝑛 is the maximum load observed for specimen, n; 
𝑏𝑛 is the thickness of specimen, n; and  𝐷𝑛 is the diameter of the specimen, n. 
𝑆𝑡,𝑛 =
2 × 𝑃𝑓,𝑛




 Similarly, the resulted strength is corrected using the following equation obtained from 
National Cooperative Highway Research Program (NCHRP) Report 530 (21).  
where, the IDT strength is in psi.  
2.3.2. Illinois Flexibility Index Test (I-FIT) 
Several tests are being used to evaluate the cracking potential of AC mixes. Research shows that 
the I-FIT has a simple testing procedure and has shown promising results to evaluate the cracking 
potential of AC mixtures and differentiates the effect of recycled materials (13, 22). This test is 
conducted at an intermediate temperature of 25ºC monotonically loaded at a rate of 50mm/min 
using AASHTO TP 24 (ITP 405). To avoid impulse loading, a seating load of 0.1kN is applied, 
and the specified load rate is applied in strain-controlled mode. Figure 2.4 and 2.5 show I-FIT 
specimen preparation and test setup, respectively. The fracture energy is the ratio of area under 
load-displacement curve and the crack propagation area. It is calculated as follows. 
 where, 𝐺𝑓 is the fracture energy (joules/m
2); 𝑊𝑓 is the work of fracture (joules); and 𝐴𝑟𝑒𝑎𝑙𝑖𝑔 is 
the ligament area (mm2).  
Whereas FI is computed using Equation [2.9].  
where, Gf is the fracture energy in joules/m
2 and m is the absolute slope at post-peak inflection 
point. Coefficient A is the scaling factor taken as 0.01. A minimum of four replicates were tested 
to obtain this result.  
Similarly, strength is calculated by the formula given in Equation [2.6] where the 
denominator is the ligament area or the area through which the crack propagates, calculated by 
specimen thickness and ligament length. In addition to this, secant modulus is the ratio of peak 
load and the displacement achieved at that point, which is discussed in the I-FIT results section. 




× 106 [2.8] 






2.3.3. Hamburg Wheel Tracking Test  
This test was conducted using Illinois Modified AASHTO T324-11. The Hamburg wheels are 
loaded 705.0±4.5N and operated electronically at a rate of 52±2 pass/min across the specimen as 
shown in the Figure 2.2. Four specimens can be run simultaneously in one test setup. The wheels 
have a cylindrical shape, with a diameter of 203mm and width of 47mm. The rut depth is recorded 
at 11 different locations along the wheel path, where the critical displacement is excerpted at each 
wheel pass by linear variable differential transformer. A minimum of three to four replicates were 
tested with a maximum passes of 20,000 or 20mm rut depth. According to specifications, 62±2mm 
is used for PMLC, however, PMFC specimens were 30-35mm. Therefore, a small mold of 40mm 
thickness was used for PMFC’s/field cores, and a small concrete spacer was provided to cover the 
remaining space. Similarly, all PMLC specimens were compacted at 7.0±0.5%; whereas, PMFC’s 
(field cores) were having variable air voids and decreased with field aging as shown in Appendix 
Table A.26. 
 





All PMLC and the three sets of field cores or PMFC’s were tested to evaluate thermal cracking 
susceptibility using IDT creep compliance and strength, rutting resistance using the Hamburg 




















Figure 2.3 Creep Compliance Test Setup: (a) Full Pill (180-mm-long); (b) IDT 























Figure 2.5 I-FIT: (a) Test Setup; and (b) Typical Output. 
Figure 2.4 I-FIT Specimen Preparation and Geometry. 
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CHAPTER 3 IDT CREEP COMPLIANCE ANALYSIS AND MODELING 
 
3.1. Overview 
Thermal cracking is a critical distress in northern parts of the U.S. and across Canada, which can 
be adversely affected by the addition of RAP and RAS (23). Basically, temperature fluctuations 
induce tensile stresses, which in turn could result in cracking if the thermally induced stresses 
exceed the tensile strength in the mastic phase of AC mixtures. It was found that thermal cracking 
could initiate and propagate faster as the AC becomes less ductile. Creep compliance and tensile 
strength testing are two commonly used experiments conducted to evaluate the brittleness, and 
thermal cracking susceptibility of AC mixes (24). Vargas and You et al. investigated the effect of 
RAP and RAS amount on AC creep compliance. They reported a reduction in creep compliance 
and in the resistance against the thermal cracking in flexible pavements (25, 26). Since AC material 
is thermo-viscoelastic in nature, its properties greatly vary with temperature. In order to 
characterize the resistance of AC mixes to thermal cracking, the Strategic Highway Research 
Program (SHRP) developed the creep compliance IDT test, where load is applied on disc shape 
compacted specimen through its diametral axis (27, 28). This method has been adopted as 
AASHTO T322 “Standard Method of Test for Determining the Creep Compliance and Strength 
of HMA Using the Indirect Tensile Test Device.” At the present time, IDT creep and strength is 
being widely used for the evaluation of low-temperature cracking in the flexible pavements. Creep 
compliance is one of the fundamental characteristics of the viscoelastic materials that explain the 
relation between an applied stress and the time-dependent strain of the AC mixtures. Due to time 
and the temperature dependence of AC mix, this test is conducted at different temperatures based 
on the binder grade, which is used to obtain the master curve. 
The impact of RAP on thermal cracking in flexible pavements, especially in the colder 
areas were studied by several researches. In these studies, creep compliance and tensile strength 
of the AC mixes were obtained and utilized to estimate thermal stresses and potential cracks. 
Several studies reported that creep compliance increases with the increase in temperature and 
decreases with the increase in RAP content and use of stiffer binder, while tensile strength 
increases with the increase in RAP  (29–32) . However, some studies reported that there was no 
significant relationship between the RAP content and the creep compliance (25). To understand 
the effect of air void content on creep compliance, Richardson and Lusher found that creep 
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compliance increases with the increase in air voids (4, 6.5 and 9%) and temperature, while it 
decreases with the increase of RAP (0, 10 and 20%). On the other hand, the tensile strength was 
found to increase with the RAP amount and decrease with air voids and temperature (33). The 
analysis conducted by Bonaquist showed that creep compliance increases with the increase in the 
low-temperature performance grade (PG); whereas, tensile strength was not significantly impacted 
by the low-temperature grade (34). Another study conducted by Watson et al. reported that the 
addition of RAP and RAS could bump up the low-temperature PG, which adversely affects the 
thermal cracking resistance properties of the AC mix (35). 
As discussed earlier, the use of recycled materials like RAP and RAS in the AC mixture 
significantly impacts creep compliance and thermal cracking properties. Therefore, 
comprehensive creep compliance testing was performed on 17 unique AC mixes at three different 
temperatures of -20°C, -10°C and 0°C, with varying amounts of RAP, RAS, RCA and steel slag 
in combination with different amount and type of binder grade. This was followed by an extensive 
data analysis on master curves obtained by time–temperature superposition principle and 
attempted to understand the effect of RAP, RAS, binder grade/amount, RCA, steel slag, and 
aggregate gradation on creep compliance. Finally, a new creep compliance model, considering 
ABR factor, is introduced.   
3.2. Analysis of Creep Compliance Data: PMLC 
Creep compliance can be affected by different properties of AC mixture, such as mix volumetrics, 
binder grade, and ABR content and its source: RAP/RAS, aggregate type/gradation, temperature 
and time. In this study, 16 different PMLC AC mixtures, including 11 surface mixes and five LBs 
(an asphalt course laid down on existing layer before placing a new surface course), were utilized 
to investigate the effect of these mixes characteristics. These AC mixtures, which comprise 
different virgin binder grades, 15-60% ABR content, distinct amounts of asphalt binder content, 
and different aggregate gradations, were tested for creep compliance in accordance with AASHTO 
T322-07, as mentioned in Chapter 2. Creep compliance master curves were obtained using the 
time–temperature superposition principle at reference temperature of -20°C; whereas, power-law 
model was fitted to the master curves using least square approach employing Solver function, as 
given in Equation [3.1]. 
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𝐷(𝑡) = 𝐷𝑜 + 𝐷1𝑡
𝑚 [3.1] 
where, D(t) = creep compliance; 𝐷𝑜 and 𝐷1 are the model parameters; t = time in seconds; and m 
= slope parameter that shows the relaxation potential of AC mixes used in AASHTOWare 
Pavement ME Design. 
Figure 3.1(a) shows the creep compliance master curves for the LB’s. Mixes 163Y04, 
163Y07, and 163N08 exhibited similar creep compliance behavior as these mix designs are similar 
in terms of binder content, aggregate sources, and gradation. However, the other two LB’s (mixes 
147Y03 and 141Y02) contain relatively more recycled materials and less binder content, which 
makes them stiffer. 141Y02 manifested the least compliant behavior at lower temperature as it 
contains less AC% and relatively higher ABR. Thus, these two mixes were relatively less 
compliant especially at -20°C, which suggests that these AC mixes would experience a higher 
stress intensity under a low-temperature than other AC mixes and are expected to have a higher 
rate of crack propagation speed once a crack is initiated. In general, all LB’s followed the expected 
trend. It can also be noticed that the creep compliance increased with creep loading time and 
temperature, which is consistent with findings in the literature (33). 
Similarly, Figure 3.1(b) shows the master curve of creep compliances of four surface 
mixes, where the impact of binder grade and RAP can be observed. As compared to the master 
curves of LB mixes shown in Figure 3.1(a), it can easily be noticed that, in general, the difference 
in creep compliance between these mixes was more obvious. Also, mixes 177Y04 and 159Y04 
were both more compliant as compared with Y02’s, because the mixes 159Y02 and 140Y02 were 
produced using a relatively stiffer binder in 2014. On the other hand, the impact of RAP and asphalt 
content can be noticed within Y04’s; the 177Y04 was relatively more compliant as compared with 
159Y04 because the it contains higher asphalt content and the latter contains more RAP, which is 
in agreement with the literature (36).  Therefore, Y04 mixes are expected to impede stress intensity 
in a given cross section for a given load that will ultimately reduce the crack propagation speed, 
compared with Y02’s. For this reason, the thermal-induced transverse cracks susceptibility in 
Y04’s was lower than that of Y02’s, which is in agreement with an earlier study (27).  
Figure 3.1(c) shows the impact of binder grade bumping and ABR content. Binder grade 
bumping is commonly used to counterbalance the impact of ABR. The creep compliance master 
curves of both AC mixes were very similar because 156Y03 contains 15% ABR and the binder 
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grade is 64-22; whereas, 157Y03 contains 30% ABR and the binder grade is relatively softer, i.e., 
PG 58-28. Thus, softer grade asphalt binder may neutralize the impact of recycled materials, as 
shown in Figure 3.1(c). It is expected that both AC mixes would have the same potential to relax 
the thermal stresses in their corresponding structure, at least in the short term. 
Recently, IDOT used the concept of TRAs where almost all of the AC mixture constituents 
are obtained from recycled materials such as RAP, RAS, steel slag, and RCA. The ABR level in 
the TRA mixes is up to 60%, and steel slag is up to 68%, and some mixes contain RCA up to 30%. 
Similarly, TRAs have relatively higher asphalt content and softer PG compared with other surface 
mixes, as a strategy to mitigate the stiffness induced by high ABR. Figure 3.1(d) shows the master 
curves of five TRA mixes. The mixes 185N07 and 185N08 showed more compliant behavior as 
compared with other TRA mixes because the mix contains relatively less ABR and softer PG. 
Likewise, 138P70 and 338N67 demonstrated stiffer behavior as the first contains high amount of 
steel slag and latter has absorption rate of 1.7% which is typically around 1.4%, in addition to 
higher ABR. On the other hand, 137L62 was more compliant in comparison with 138P70 and 
338N67, as it contains relatively higher binder content. In general, due to high ABR level, steel 
slag, and RCA, TRA mixes were stiffer or less compliant as compared with other surface AC 
mixes, as expected. 
For asphalt pavement thermal cracking analysis, AASHTOWare Pavement ME Design 
uses the creep compliance master curves’ slope information (m-values). The higher m-values are 
desirable as it shows better stress relaxation potential of AC mixes and vice versa. The m-values 
of TRA mixes are relatively lower as compared with typical ABR mixes as shown in Figure 3.2, 
which is in agreement with the literature (37–39). This could be due to the fact that aged recycled 
materials induce brittleness and may increase thermal cracking potential of AC mixes. Similarly, 
338N67 had the lowest m-value which was expected to manifest lowest stress relaxation, due to 
the presence of high ABR, RCA, steel slag, and higher absorption rate. Furthermore, LB’s had m-
values very similar to surface AC mixes in spite of the fact that those mixes were intended to be 
more flexible to retard reflective cracking; however, it appears that the high ABR contents, 29-











Figure 3.1 Creep Compliance Master Curves: (a) Leveling Binders; (b) Effect of Binder  






3.3. Analysis of Creep Compliance Data: PMFC/Field Cores 
Figure 3.3 shows the master curves of field cores obtained in 2014, 2015, and 2016, denoted by 
PMFC_01, PMFC_02, and PMFC_03, respectively. The master curves of all field cores are very 
similar, and no trend was found (30). However, TRA mixes are slightly less compliant as observed 
in PMLC; whereas, 185N07 showed a decrease in creep compliance with field aging as expected 
(30). Therefore, TRA mixes might have less stress relaxation potential and could be more 
susceptible to thermal cracking. However, generally it can be observed that creep compliance 
might not be very sensitive to field aging and slight changes in air voids.  
As discussed above, AASHTOWare Pavement ME Design uses the m-value obtained from 
fitting power-model to the creep compliance master curves. The field cores results also showed 
that TRA mixes have slightly less m-values due to presence of high ABR, RCA, and steel slag, as 
compared with 306M30 which is a non-TRA mix constructed in 2013. Thus, it is expected to be 
more susceptible to thermal cracking due its less stress relaxation potential. In addition, a slight 
decrease in m-values was observed with field aging as expected (30). However, this decrease in 
m-values with field aging was not consistent in all AC mixes. Moreover, the m-value of PMLC 
was slightly higher than PMFC_01 in a few cases, which might be attributed to the difference in 
compaction, the difference in the aging process between the lab and field and thickness of the 
specimen.  
 




















































































































































Figure 3.3 Creep Compliance Master Curves: Field Cores (PMFC’s). 
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3.4. Analysis of Indirect Tensile Strength 
Analysis of variance showed that IDT strength is statistically similar across PMLC at 95% 
confidence interval as shown in Figure 3.5. This could be due to the fact that at -10°C all mixes 
show very brittle behavior and testing at low-temperatures may not be sufficient to distinguish 
between the AC mixes containing different recycled materials (40).  The field cores IDT strength 
was higher in a few cases as compared with the lab compacted, potentially due to the difference in 
aging conditions and air voids in the lab and field, as shown in Figure 3.6. However, generally, no 
trend could be observed between PMLC, and PMFC_01. Furthermore, a slight increase in strength 
could be noticed in the field cores, in a few cases. This small increment could be attributed to the 
further stiffening of AC mixes due to aging and traffic densification as expected. The 2013 mixes 





















































































































Figure 3.5 IDT Strength of PMLC. 
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3.5. Analysis of Fracture Work Density 
IDT strength data was further investigated to calculate area under the force-displacement curve 
and normalized by the specimen volume, to get fracture work density. MATLAB software was 
used to fit two polynomials, one to pre-peak, and the other to post-peak curve. Both polynomials 
were integrated to obtain the area under the curve, between the respective points. The fracture 
work density is calculated using Equation [3.2-3.6].  




𝐴𝑇𝑜𝑡𝑎𝑙 = 𝐴1 + 𝐴2 [3.3] 
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Figure 3.6 IDT Strength of Field Cores (PMFC's). 
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where D = specimen diameter (150mm), and H = specimen thickness (varies from 30-50mm) 
Equation [3.4] was integrated between zero and x-axis value at peak load, and Equation [3.5] was 
used to calculate the post-peak area, respectively, whereas, 𝐴1 and 𝐴2 are the pre-peak and post-
peak area under the force-displacement curve as shown in Figures 3.7 (a) and 3.7 (b), which shows 
somewhat a flexible behavior and very brittle behavior, respectively.  
 
The PMLC specimens had statistically similar fracture work density; however, LB had 
somewhat higher values as expected due to polymer modification and higher asphalt content as 
shown in Figure 3.8. Also, a slight decrease in fracture work density can be noticed in Figure 3.9, 
from PMFC_01 to PMFC_03, which might be due to the effect of field aging. Moreover, the 
sections constructed in 2014 and 2015 have higher fracture work densities as expected. 
Furthermore, the TRA mixes have lower fracture work densities due to the presence of higher 
RAP, RAS, steel slag, and RCA. In a nutshell, these results exhibit that IDT creep compliance and 
strength might not be very sensitive to field aging; however, fracture work density could be useful 
to qualitatively distinguish between AC mixes at low temperature. 





























































































































































































































Figure 3.9 Fracture Work Density of Field Cores. 
Figure 3.8 Fracture Work Density of PMLC. 
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3.6. Poisson Ratios of AC Mixes: PMLC 
Using lateral and axial strain data obtained from the IDT tests, the Poisson’s ratio at each 
temperature (-20°C, -10°C, and 0°C) was calculated as part of the AASHTO T322-07 procedure. 
The Poisson’s ratios trend can be seen in Figure 3.10. It was observed that the Poisson ratio ranged 
from 0.24-0.44, and it slightly increased with the increase in temperature within the AC mix, which 
is intuitive and follows the trend reported in the literature (41). Similar trend could also be observed 
in PMFC_01, 02 and 03 in Appendix Table A.17.  
 
3.7. Overview of Creep Compliance Modeling  
The Mechanistic-Empirical Pavement Design Guide (MEPDG) developed a prediction model for 
creep compliance for Level 3 analysis of pavement design. These predictive models are built on 
the correlation between creep compliance, mix volumetrics, and binder fundamental properties, as 
given below in Equation [3.7] (42). 
D(t) = D1t
m [3.7] 
where, m = creep coefficient; t = loading time (sec); and D1 is defined as follows: 
log(D1) = −8.52410 + 0.01306T + 0.79570 log(Va) + 2.021030 log(VFA)
















































































































Figure 3.10 Poisson Ratios of PMLC. 
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where, T = Test temperature in °F; Va = Air voids (%); VFA = Voids filled with asphalt (%); and 
ARTFO = Intercept of binder viscosity-temperature relationship for the rolling thin film over 
(RTFO) condition. 
The m parameter is estimated using the following model in Equation [3]. 




where, Pen77 = Penetration at 77 °F = 10
290.5013−√81177.288+257.0694×10(A+2.72973×VTS);  
A = Intercept of binder viscosity-temperature relationship; VTS = Slope of binder viscosity-
temperature relationship; A and VTS were obtained from literature to calculate the penetration 
value. 
It has to be noted here that the Superpave(R) design program, which is currently a common 
practice in the U.S., does not require conducting the binder penetration test; therefore, A and VTS 
information is often missing (34), but can be obtained from literature. Asphalt binder exhibits 
different behaviors by source, manufacturing method, and added modifiers. Therefore, literature 
value may under- or over-estimate the creep compliance using the MEPDG creep compliance 
model. To avoid this problem, Jamrah and Kutay  conducted a comprehensive research on this 
topic and have recently reported their results in TRB (43). Their study developed a statistically 
reliable creep compliance model while removing the A-VTS constraint. The complete model is 
presented in Equation [3.10].  
Log D(t) = 592967(−1.017 × 10−6 + 2.412 × 10−8PGlow + 1.091 × 10
−8PM
+ 1.167 × 10−8VFA − 4.022 × 10−7FA + 1.487 × 10−8P100 + 5.132
× 10−8Pb − 7.373 × 10
−8Gmm + 4.274 × 10
−9Time + 1.701
× 10−8Temp) − 6.6266 
[3.10] 
where, PGlow = Magnitude of low PG grade; PM = Polymer modification factor, 1 for polymer 
modified and 0 for unmodified binders; VFA = voids filled with asphalt (%); FA = Fines/Asphalt 
ratio; P100 = percent passing the AASHTO #100 sieve; Pb = Asphalt content by weight of the mix 
(%); Gmm = Maximum theoretical specific gravity of the mixture; Time = Time of interest in 
seconds; and Temp =Temperature of interest in oF. 
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Similarly, Bonaquist came up with the following prediction model for different Wisconsin 
AC mixtures, where the creep compliance at low-temperature is predominantly a function of low-
temperature of the binder PG, in contrast to the volumetric properties of the AC mixtures as given 
below in Equation [3.11] (34). 






where, D (t) = Creep Compliance, 1/psi; T = temperature, °F; 𝑃𝐺𝑙𝑜𝑤 = low-temperature 
continuous grade of the binder in the mixture, °C; and t = time (sec). 
However, it appears that no studies have been reported on developing a creep compliance 
model while considering the effect of recycled materials in the model. This research attempts to 
fill in this gap. The predication power of the creep compliance model that was presented in 
MEPDG was evaluated, and the model was calibrated with local data. Finally, a new creep 
compliance model, considering ABR factor, is introduced.   
3.8. Modeling Creep Compliance 
As previously mentioned, in Level 3 analysis of the MEPDG design method, creep compliance is 
estimated from volumetric information of the mix and asphalt binder properties to obtain 
quantitative understanding on how the mix design to be used in pavement construction will 
perform under low-temperature. The model presented previously in Equations [3.7-3.9] was 
utilized to estimate the creep compliance value. The creep compliance values were then used in 
the thermal cracking model developed in SHRP research A-375, to predict thermal cracking in 
asphalt pavements (27). 
To evaluate the prediction capabilities of the existing creep compliance model, 5% data 
were randomly selected from the lab testing results and were compared with the model estimate. 
Figure 3.11 shows a comparative plot of creep compliance values. A significant difference between 
model estimates and lab testing results was evident, confirming the incapability of the model to 
predict creep compliance. The model overestimates the creep compliance, possibly due to the 
MEPDG model limitation in accommodating ABR, which decreased the creep compliance. To 
quantitatively compare the model performance, the root mean squared error (RMSE) measure was 
employed, and basic statistics of the model and parameters were examined. A low RMSE means 
that the model is performing better and vice versa. Based on the randomly selected data, it is 
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estimated that the existing model resulted in a RMSE value of 4.78 1/GPa, a relatively high RMSE. 
Similar observation was made by another study conducted at WisDOT, and the study reported that 
model estimated a creep compliance value that was deviated as high as 56% from the lab testing 
measurement (34).  
 
To explore if the model performance improves after re-estimating the model coefficients, 
the researchers fitted the obtained data on the exact equation with same factors that utilized in the 
MEPDG model and obtained the parameters coefficient. The calibrated model results are presented 
in Table 3.1 and Table 3.2. As expected, the calibrated model resulted in a comparatively lower 
RMSE value (3.92 1/GPa); however, this error was still significantly high when compared with 
measured value from lab testing. Therefore, it can be stated that both models (existing and 
calibrated) may not be used to estimate creep compliance value.  The calibrated MEDPG model  
is given in Equations [3.12] and [3.13]. 
log(D1) = −12.31 + 0.0065T + 7.594 log(Va) + 2.633 log(VFA)
− 0.1109 log(ARTFO) 
[3.12] 
The calibrated MEPDG model m parameter is estimated using the following model in 
Equation [3.13]. 
 

























Estimated creep compliance from existing MEPDG model
Creep compliance from lab testing
Figure 3.11 Comparison of Creep Compliance Values from Lab Testing and  
Existing MEPDG Model. 
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It should be noted that there was an unexpected behavior observed in the calibrated model 
parameter statistics; the binder viscosity parameter (A) that was utilized in the MEPDG model 
became statistically insignificant. An attempt was made to compare the results with the literature 
without success due to lack of similar study (34, 43). One of the reasons that can be attributed to 
this discrepancy is the existence of recycled binder and the unknown effectiveness of recycled 
binder with respect to virgin binder, due to potential partial blending (7, 8, 40). As these binders 
were aged and exhibited different temperature sensitive behaviors, different creep values are 
expected.  
Another inconsistency observed during the application of the MEPDG model in this study 
and other literature studies is the unit of temperature in model application. MEPDG suggests using 
the Fahrenhite scale for model calibration, while study reported in (25) used temperatures in 
Celsius and compared the result with the MEPDG model. To understand this issue, we also 
calibrated the MEPDG model with a temperature variable in Celsius scale, but still obtained a 
comparatively very high RMSE value of 36917 1/GPa. The interaction factor between temperature 
and binder penetration grade became insignificant, suggesting that the model must be calibrated 
in Fahrenhite scale.  
To capture the effect of recycled binder along with all other intuitive variables, a 
multivariate regression model was developed. The model is presented in Equation [3.14], which 
considers the effect of ABR obtained from RAS and RAP. As expected, the model resulted in very 
low RMSE value of 0.03 1/GPa, and validation result on the random data is presented in Figure 
3.12, whereas this data was not used in the model development. The coefficients along with 
statistical results of the new model is given in Table 3.3, where all the variables are statistically 
significant as its p-value is less 0.05. However, surprisingly the rotational viscosity was found to 
be statistically insignificant as its p-value is greater than 0.05, which could be due to the limited 
number of performance grades, and have very similar viscosities in this study. The signs for all the 
parameters intuitively considered in the model were resaonable. For example, an increase in 
temperature or asphalt binder content increased the creep compliance value while an increase in 
ABR decreased the creep compliance value. 
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𝐿𝑜𝑔𝐷𝑡 =  −4.650 + 0.031 ×  𝑇 + 0.469 ×  𝑉𝑎 − 0.028 × 𝑉𝑀𝐴 + 0.101 × 𝐴𝐶 −
0.007 × 𝐴𝐵𝑅 + 0.100 × % 𝑃𝑎𝑠𝑠𝑖𝑛𝑔 #200 𝑆𝑖𝑒𝑣𝑒 − 0.012 ×  𝑅𝑉 +  0.188 ×
 𝐿𝑜𝑔 (𝑡)  
[3.14] 
where, RV = rotational viscosity (Pa-s). 
Table 3.1 Summary of Calibrated MEPDG Model, D1 Part (Dependent Variable “Log D1”) 
*Factors are statistically insignificant at 95% confidence level 
Table 3.2 Summary of Calibrated MEPDG Model, m Part, (Dependent Variable “m”) 
 
3.9. Summary 
The indirect tensile creep compliance and strength test was conducted following AASHTO T322-
07 (2011) to evaluate thermal cracking susceptibility of various AC mixes containing different 
amounts of recycled materials. Data analysis was conducted by fitting power-model to the master 
curves. A proposed creep compliance model, to capture the effect of recycled materials, is 
introduced. The IDT strength is statistically similar across various AC mixes, and testing at low-
Variables  Coefficients t-Stat(t-critical 1.96) p-value 
Constant -12.31 -13.00 <0.001 
T (F ) 0.0065 23.11 <0.001 
Log (Va) 7.594 14.66 <0.001 
Log (VFA) 2.633 10.07 <0.001 
Log (A) -0.11 -0.43* 0.67* 
N and R-sqaured 351, 0.73  
Variables Coefficients t-Stat (t-critical 1.96) p-value 
Constant -1.22 -7070.2 <0.001 
T (°F) -0.062 26.57 <0.001 
Va 0.040 30.51 <0.001 
VFA 0.0030 4.81 <0.001 
Pen at 77 °F 0.00054 11.45 <0.001 
Pen at 77 °F x T^ Power -2.066 x107 -1.88 x 1016 <0.001 
Power Coefficient -7.19 -97.77 >0.05 
N and R-sqaured                          351, 0.92 
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temperature may not be sufficient. Therefore, there is still a need to use a fracture test at 
intermediate temperature which could differentiate different AC mixes such as the I-FIT (40). 
 
Table 3.3 Summary of Proposed Model (Dependent Variable “Log Dt”) 













Variables Coefficients t-stat (t-critical 1.96) p-value 
Intercept -4.650112 -12.30 <0.001 
Test Temp (°C ) 0.030584 50.27 <0.001 
% Va 0.469163 7.86 <0.001 
% VMA -0.028316 -3.94 <0.001 
% AC 0.100573 3.86 <0.001 
% ABR -0.006983 -9.83 <0.001 
% Passing # 200 0.099840 6.25 <0.001 
Rotational Viscosity (Pa-s)135°C -0.011550 -0.18* 0.85 
Log (t) 0.187828 36.46 <0.001 

























Estimated creep compliance from the new model
Creep compliance from lab testing
Figure 3.12 Comparison of Creep Compliance Values from Lab Testing 
and the New Model. 
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Several tests are used to evaluate the cracking resistance of AC mixes using semicircular bending 
(SCB) geometry. SCB geometry was used to determine mode I and II fracture criteria, with a slight 
different specimen geometry by cutting edge crack at different angles (44). Similarly, researchers 
in Delft (Netherlands) used SCB geometry in late 1990’s to investigate crack growth and strength 
of AC mixes, while employing both cyclic and static loads, and concluded that SCB test could be 
promising test to evaluate crack growth of AC mixes (45). In addition, the Louisiana 
Transportation Research Center (LRTC) further used SCB geometry employing fracture 
mechanics to obtain a critical strain energy release rate, called J-Integral (Jc), for the purpose of  
investigating fracture characterization of AC mixes, and found that NMAS, and binder type are 
sensitive to Jc parameter (46). The Illinois Center for Transportation (ICT) at the University of 
Illinois at Urbana-Champaign conducted an extensive research on fracture characterization and 
developed a simple testing procedure called the Illinois flexibility index test II-FIT). I-FIT has 
shown promising results for the evaluation of the cracking potential of AC mixtures and for 
distinguishing the effect of recycled materials (13, 22). Similarly, the Hamburg wheel tracking test 
is a very simple and extensively used test used to evaluate the rutting resistance of AC mixes (47). 
Researchers using the Hamburg wheel tracking test concluded that the increase in RAP could 
induce rutting resistance in AC mixes (7, 48).  Similarly, the inclusion of RAS could also enhance 
resistance against rutting as investigated in various studies (49, 50).  
4.2. Fracture Characterization of AC Mixes 
As mentioned in Chapter 2, AASHTO TP-24 (ITP 405) was employed on PMLC, and field cores, 
i.e., PMFC_01, 02 and 03. The following section discusses fracture energy, flexibility index (FI), 
strength, and secant modulus as obtained from I-FIT. Barry (2016) conducted I-FIT on PMLC 
specimens to evaluate its fracture resistance, thus concluding that higher ABR percent obtained 
from RAP and RAS, especially TRA mixes, have lower FI values, while binder softening may 
mitigate the stiffness induced by recycled materials, as shown in Figure 4.1. Field cores, on the 
other hand, have relatively higher FI due to difference in thickness, compaction effort, and aging 
conditions as shown in Figure 4.3 (51). In addition to that, Barry (2016) explored that fracture 
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energy alone might not be sufficient to characterize fracture potential, as Figure 4.2 has very 
similar fracture energies in most cases (51).  The leveling binders had relatively high FI as expected 
due to their intended application to be more flexible and resist reflective cracking. FI values for 
PMFC_01 were 1.1 to 2.8 times higher than PMLC even after employing thickness correction as 
given in Equation [4.1], due to the difference in aging between lab and field and percent of air 
voids (AV), as shown in Figure 4.3. The PMLC specimens were compacted at control 7±0.5%, 
and the field cores AV can be observed in Figure 4.5.  
Due to differences in thickness between PMLC and PMFC, a correction factor was applied 
on FI values of field cores, as given in Equation [4.1] (51).  
Figure 4.4 shows the fracture energies of field cores, which were very similar across 
PMFC_01, 02 and 03 within the same mixes, which suggests that fracture energy alone might not 
be able to differentiate the field aging between different AC mixes (40). Similar observations were 
made in the PMLC specimens of the same mixes, as shown in Figure 4.2. 
Figure 4.5 shows that FI generally decreased with field aging and changes in AV. TRA 
mixes had relatively lower FI, and 2015 projects had higher values as expected (40) except 185N07 
and 185N08 where the FI values were statistically similar across PMFC_02 and PMFC_03. The 
Thickness Correction (X′) =
Specimen thickness in mm
50 (standard thickness)
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Figure 4.1 Flexibility Index of PMLC. 
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2015 mixes had relatively higher FI due to possibly less aging as compared with the 2013 mixes. 
The detailed FI values are given in Appendix Table A.23. 
However, some of the TRA mixes showed comparable results to the typical ABR mixes as 
in 185N07 and N08, which could support that application of mitigation strategies like bumping 
down the binder grade and increasing binder content could possibly attenuate ABR stiffness; TRA 
mixes contain relatively higher asphalt content and softer PG. Mix 338N67 has the lowest FI 
values, which could be attributed to the higher absorption rate of 1.7% which is normally around 














































































































































































































Leveling Binder 2013 Project 2014 Project 2015 Project
Figure 4.3 FI values of PMLC vs PMFC_01. 
Figure 4.2 Fracture Energy of PMLC. 
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considering all the factors including absorption rate, as it would affect the amount of effective 
binder in the AC mix. Similarly, Mix 159Y04 consistently showed flexible behavior as it had softer 
asphalt binder PG 58-34, however it dropped remarkably in the third year as compared with the 
first year, from FI value of 23 to 11. This demonstrates that FI decay rate could be a function of 
binder grade, and the softer PG might age fast in the beginning few years as compared with the 
stiffer PG.  In addition to this, 137L62 had relatively higher FI in the first year, but it dropped 
significantly with aging as it had 30% RCA in addition to higher ABR.  
Moreover, the strength obtained from I-FIT results was also analyzed for further 
investigation. The strength generally increases in PMFC_03 with respect to PMFC_01, as aging 
induces brittleness in AC mixes, which causes increment in peak load and subsequently its 
strength, as shown in Figure 4.6. Besides this, 2015 AC mixes had lower strength values compared 
with the 2013 and 2014 AC mixes. Moreover, TRA mixes had higher strengths as expected. I-FIT 
results were further examined utilizing secant modulus, showing trends similar to strength, as 
shown in Figure 4.7.  
4.3. Correlation between Creep Compliance and Flexibility Index 
AC mixes showing compliant behavior in creep compliance had also higher FI values, or better 
cracking resistance. Consistently good correlation was found between creep compliance at 0°C 
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2013 Project 2014 Project 2015 Project
1st AV, %    5.5 3.2        0.2        2.3       4.6        7.6         7.0       8.0        3.3        5.0       5.2        5.1   
2nd AV, %  2.1        3.4         0.2       0.7     4.0         4.2         4.1    7.9        2.7    4.5    2.7     2.8



























































































2013 Project 2014 Project 2015 Project
Figure 4.5 Flexibility Index of Field Cores. 
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Creep Compliance @0C@1000sec, 1/GPa




















Creep Compliance @0C @1000sec, 1/GPa




















Creep Compliance @0C @1000sec, 1/GPa
Figure 4.8 Correlation between Creep Compliance and Flexibility Index: 














Figure 4.7 Secant Modulus of Field Cores. 
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4.4. Rutting Characterization of AC Mixes 
Figure 4.9 shows that all AC mixes behaved very stiffly and passed the Illinois specification of 
12.5mm rut depth at respective cycles, as IDOT criteria is given in Appendix Table A.25. This 
stiffer behavior could be attributed to the presence of high recycled materials (32). Generally, 
PMLC had lower rut depth as compared to PMFC_01, which might be due to the difference in 
thickness and air voids, which is in agreement with literature (52). 2013 TRA mixes were slightly 
more rut resistant as compared with 2015 projects; however, those mixes were comparable to 2014 
projects which could be due to the usage of softer binder grade and relatively higher asphalt binder 
contents, as shown in Figure 4.10. Mix 338N67 was the most rut resistant as it contained 27% 
RCA and had a higher absorption rate of 1.7%; usually it is around 1.4% for a normal AC mix; 
whereas, 159Y04 was the most rutted mix due to the presence of softer binder. Figure 4.10 
demonstrates that rutting resistance is improving with aging, and 2015 projects have relatively 
more rutting depths  compared with 2013 AC mixes, as would be expected (30). Similarly, the 
detailed rutting results are given in Appendix Table A.26. Usually HWTT stops either at 20,000 
passes or 20mm, which sometimes makes it difficult to compare the different mixes. Therefore, 
the researchers developed the rutting resistance index (RRI) to quantify rutting potential (53), 
which considers both rut depth and number of cycles, calculated using Equation [4.2]. 
RRI = 𝑁 × (1 − 𝑅𝐷) [4.2] 
where, N is the number of cycles and RD is the rut depth in inches. 
Generally, the RRI values are statistically similar within most AC mixes across field cores; 
however, the following observations were made based on a few differences. The TRA mixes have 
consistently higher RRI compared with other AC mixes due to the higher amount of recycled 
materials; whereas, 2015 projects have lower RRI values, as shown in Figure 4.11. Similarly, 2013 
projects have more RRI as compared with 2015 projects due to the difference in aging. For 
instance, mix 138P70 was highly rut resistant, which could be possibly due to the presence of 
68.3% of steel slag and 37% ABR, which also conform with the literature (54). It should be noted 
that 185N07 and N08 were constructed in 2015, whereas the first coring was performed in 2015 a 
few months after its construction. Therefore, these AC mixes were less aged and this could explain 
the higher rut depth and lower RRI in both cases. In addition to this, 338N67 was the most rut 
resistant in terms of RRI as well as rut depth. Furthermore, the typical ABR mixes also showed 
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rut-resistant behavior due to the presence of ABR, 15-30%, and 2014 mixes showed comparable 
rutting performance to that of 2013. In general, an increase in ABR percent and field aging 
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Figure 4.9 Rut Depth @7.5k Passes of PMLC and PMFC-01. 
Figure 4.10 Rut depth: Field Cores. 
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4.5. Balanced Mix Design: Interaction Plot 
Generally, a flexible mix performs better in reducing cracking potential and a stiffer mix performs 
better against rutting. However, the design variables of an AC mix should be optimized in such a 
way to address both distresses, to have better performance over longer service life. Thus, in order 
to comprehend the combined effect of cracking and rutting resistance of AC mixes, different 
agencies are using different holistic approaches in the form of balanced mix design. The balanced 
mix design concept was introduced by Texas Transportation Institute by employing Hamburg 
wheel tracking test for rutting and Texas overlay test for cracking resistance, respectively (55). 
Similarly, Louisiana Transportation Research Center used the Hamburg test for rutting and their 
semicircular bending for cracking resistance (56); whereas, New Jersey uses asphalt pavement 
analyzer and Texas overlay for rutting and cracking resistance (57). The State of Illinois has been 
using the I-FIT for cracking resistance and the Hamburg wheel tracking test for rutting resistance 
in its balanced mix design approach (58). Figure 4.12 shows the conceptual diagram of balancing 
both distresses in the shape of balanced mix design. Currently IDOT is using a preliminary 
threshold of 8 for FI and 12.5mm for rut depth at 7,500 passes as a passing criteria for surface 
mixes.  Figure 4.13 (a) shows the balanced mix design for PMLC mixes, where the majority of the 
mixes failed to meet the FI threshold; however, all AC mixes passed the rutting criteria, as they 





































































































2013 Project 2014 Project 2015 Project
Figure 4.11 RRI of Field Cores. 
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159Y04, and 177Y04 passed the FI criteria, as they contained relatively softer PG, lower RAS, 
and higher asphalt binder content. Figure 4.13 (b) shows the balanced mixes design for PMFC_01; 
the majority of AC mixes are located in the desired quadrant, i.e., stiff and flexible, except for the 
TRA mixes which are located in the stiff and brittle zone. Similarly, Figure 4.13 (c) and 4.13 (d) 
show that AC mixes are converging to stiff and brittle quadrant as expected, due to the field aging 
and changes in air void content. 138P70 shows significant drop in FI which could be due the 
presence of 68.3% steel slag and relatively less asphalt binder content. However, it consistently 
offers excellent and very similar rutting resistance for all field cores. Moreover, 338N67 invariably 
demonstrated an excellent performance in rut resistance but had lower FI value in all cases, 
probably due to higher absorption in addition to high amount of ABR and RCA. In summary, FI 

















































Figure 4.13 (a) Balanced Mix Design: PMLC. 


































Figure 4.13 (c) Balanced Mix Design: PMFC_02. 
Figure 4.13 (d) Balanced Mix Design: PMFC_03. 
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4.6. Balanced Mix Design: A Step Further 
ICT extended the balanced mix design approach to include the AC stiffness (secant modulus) to 
ensure that performance might not be jeopardized in the pursuit of a flexible mix, while rut depth 
criteria might not be stringent (59). Secant modulus was added to extend the current 2-D balance 
mix design to come up with three 3-D plot, which includes FI, rut depth, and secant modulus as its 
axis. The secant modulus is considered acceptable between 2kN/mm-8kN/mm in this research 
which is selected based on engineering judgment. It is thought that a secant modulus less than 
2kN/mm might result in a very soft mix whereas greater than 8kN/mm might be too stiffer that 
could lead to brittleness problems; however a comprehensive study is needed to specify this range. 
Figure 4.14 (a) shows PMLC results, where the points in green reflect AC mixes passing I-FIT, 
rut depth, and secant modulus thresholds; the points in red reflect AC mixes failing either I-FIT or 
rut depth thresholds, while the points in yellow reflect AC mixes passing I-FIT and rut depth, but 
failing the secant modulus threshold; 159Y02, 159Y04, and 177Y04 passed all three criteria; 
whereas, the remaining AC mixes failed in meeting the IDOT suggested FI criterion of 8.0. Figure 
4.14 (b) shows 3-D plot of PMFC_01 mixes, where 159Y04 and 177Y04 are very softer and fail 
to meet secant modulus criteria, as mentioned in yellow color. Mixes 140Y02, 185N07, and 
185N08 passed all three criteria, as mentioned in green. Furthermore, Figure 4.14 (c), and 4.14 (d) 
show that AC mixes converged to stiffer quadrant and failed to meet the FI criteria, which was 
also observed in Figure 13, due to high recycled materials and field aging. It should be noted that 
159Y04 is a very soft mix, and it consistently fell behind the secant modulus threshold, i.e., lower 
than 2kN/mm in all three field cores: PMFC_01, 02, and 03. Therefore, this approach might be 
useful in controlling the softer mixes, however, investigation is needed to specify an acceptable 































Figure 4.14 (a) 3-D Performance Diagram: PMLC. 
Figure 4.14 (b) 3-D Performance Diagram: PMFC_01. 
















This chapter discusses the rutting and fracture characterization of various AC mixes containing 
various amounts of recycled materials in combination with different amounts and types of asphalt 
binder. It has been shown that the increase in ABR percent and field aging could adversely impact 
cracking resistance; however, application of mitigation strategies like the increase asphalt binder 
content and use of softer binder may possibly address the stiffness induced by recycled materials. 
All AC mixes showed excellent rutting resistance as would be expected. The balanced mix design 
diagram showed convergence of mixes to the stiffer zone with field aging, finally 3-D balance mix 









Figure 4.14 (d) 3-D Performance Diagram: PMFC_03. 
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CHAPTER 5 FIELD RESULTS AND ITS CORRELATIONS WITH 
LABORATORY DATA 
 
In this study, field investigation was also undertaken to evaluate the in-service performance of 
these AC mixes in terms of rutting and cracking resistance. It was observed that transverse cracking 
and joint distresses emerged in the TRA sections after a year, as it contains very relatively high 
amounts of recycled materials, as shown in Figures 5.6 and 5.7 for AC mixes 137L62 and 338N67, 
respectively. Thus, it is critical to have thorough laboratory and field investigation for such AC 
mixes before their application. Figure 5.1 shows the approximate locations of the sections where 
these 17 mixes were applied. In addition to Figure 5.1, it is suggested to refer to Appendix Table 
A.1 and A.2 along with Figure A.1, to better understand the mix/project nomenclature, year of 
construction, and other related details.  The following section discusses the rutting and cracking 
evaluation and evolution with time in the field.  
5.1. Rutting Performance 
Field rutting was measured using high-speed inertial profiler as given in Figure 5.2, while 
employing automated profile data collection on both wheel paths and recording five observations 
Figure 5.1 Mixes/Projects Approximate Locations. 
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at each interval of 16.1m. The inertial profiler measures the profile and roughness longitudinally 
along its travel path. As mentioned earlier, all AC mixes showed excellent rutting resistance in lab 
and pass IDOT specifications. The field sections were also found to be rut resistant, which 
confirms and validates the lab results as would be expected The field rut depth slightly increased 
in the second year which is intuitive; however, it surprisingly decreased in the third year for a few 
cases which was not  expected, as shown in the Figure 5.3. This can be attributed to the pavement 
surface profiler measurements (since it does not measure rut depth in same exact location every 
year). Generally, TRA mixes were very rut resistant in the field sections as well as based on lab 
results, because they contain a high proportion of recycled materials like RAP, RAS, steel slag, 
and RCA. The field rut depth of 185N07 and 185N08 were relatively less because they were 
constructed in 2015, whereas 2013 sections were slightly more rutted due to longer exposure to 
traffic loadings. Although 138P70 contains 68.3% steel slag yet it manifested relatively less rut 
resistance which might be due to the absence of RAS. Similarly, 338N67 and 137L62 
demonstrated a fairly simialr performance and rut resistance as they contained RCA in addition to 
RAP, RAS, and steel slag. Furthermore, typical AC mixes containing ABR also showed good 
rutting resistance, and they increased from year 2015 to 2017. In addition to this, the 2014 and 
2015 mixes demonstrated comparable rut resistance. Moreover, Figure 5.4 shows the relationship 
between lab and field rut depth. The field rutting ranking is generally not the same as the lab 
Figure 5.2 High Speed Inertial Profiler 
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ranking, however it gives us a decent idea to evaluate rutting resistance. In generl, all sections 
demonstrated excellent rutting resistance. 
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Figure 5.3 Field Rutting Evolution. 
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5.2. Transverse Crack Potential 
The distress surveys were carried out using the standard methodology in accordance with the 
Bureau of materials and Physical Research (BMPR) Pavement Distress Manual (IDOT 2012a). 
This distress survey maps out and record the cracks according to their severity level. In order to 
compare different pavement sections with different dimensions, the transverse cracks were 
normalized to a standard unit of 304.8m, which is 3.7m wide and 304.8m long. Additionally, 
weight factors of 1, 1.5 and 2 were used to account for the low, medium, and high crack severity 
levels, to present the value as a single number (60).  Figure 5.5 shows a significant increase in 
transverse cracks in 2013 TRA sections compared with 2014 and 2015 projects. Similarly, 2015 
TRA mixes, i.e., 185N07 and 185N08 had very identical structures, but the 185N08 showed 
slightly higher transverse cracking reflection due to comparatively stiffer grade of PG52-28 as 
compared with PG52-34.  Mix 338N67 exhibited high transverse cracking as it had high absorption 
rate along with high ABR percent, steel slag and RCA, which was also noticed in I-FIT results. 
Likewise, mixes 138P70 and 137L62 manifested high magnitude of transverse cracks possibly due 
to the presence of RCA, which is also in agreement with I-FIT results. 2014 projects exhibited 
only a small amount of transverse cracks, and 156Y03 and 157Y03 demonstrated relatively higher 
transverse cracking as compared with 140Y02 and 159Y02 due to comparatively lower RAS 
content. Similarly 2015 projects has shown good performance so far. In short, the transverse cracks 
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Figure 5.7 Mix 338N67. 






Figure 5.6 Mix 137L62. 
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5.3. Field Performance Correlations with Lab Testing Results 
A decent trend was found between field performance and lab FI values as shown in Figure 5.8, 
which again confirms that I-FIT could be a promising testing procedure to evaluate cracking 
potential of different AC mixes. This gives us an idea if the mix has higher FI value is expected to 
show less cracking and vice versa (40).  
5.4. Summary 
This chapter discusses the field performance of various AC mixes containing different quantities 
of recycled materials in combination with different amount and type of asphalt binder. All AC 
mixes showed excellent rutting resistance in field, whereas transverse cracking was observed to 
be higher in 2013 projects, and increased exponentially especially in TRA mixes, which shows 






Figure 5.8 FI vs Transverse Cracking. 
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This research examines 17 mixes including five leveling binders (LB’s) and 12 surface AC mixes, 
for various AC mix performance evaluation which includes thermal cracking susceptibility, rutting 
resistance, and cracking potential of lab specimens and field cores. These AC mixes contain 
different quantities of recycled materials in the form of RAP, RAS, RCA, and steel slag, in 
combination with different amount and types of asphalt binder. In these AC mixes, the ABR 
content varied from 15 to 60%; whereas, the NMAS was 4.75mm and 9.5mm for LB’s and surface 
mixes respectively. Amongst 12 surface mixes, five were total recycled asphalt (TRA) mixes 
containing up to 60% ABR obtained from RAP and RAS, and 100% of its aggregate acquired from 
RAP, RCA, and steel slag which is a by-product from steel production; the remaining surface 
mixes contained 15-30% ABR. Testing methodologies which includes IDT creep compliance and 
strength, Hamburg, I-FIT testing were employed, following AASHTO T 322, AASHT T 324 and 
AASHTO TP 124 (ITP 405)  respectively, on plant mixed lab compacted (PMLC) and three set of 
field cores obtained in 2015, 2016 and 2017. Creep compliance was obtained at three temperatures 
of -20°C, -10°C, and 0°C, which were used to develop master curves and to better understand the 
effect of different variables on creep compliance. A new model for creep compliance incorporating 
ABR was introduced. The creep compliance testing was followed by IDT strength performed at -
10°C, with loading rate of 12.5mm/min, which was used to obtain fracture work density. I-FIT 
was employed to evaluate the cracking potential on AC mixes, while HWTT was conducted to 
investigate the rutting resistance of the same AC mixes. A balanced mix design concept was also 
used between FI and rut depth as a holistic and emerging approach to assess the cracking and 
rutting resistance, respectively. This study was further supplemented by conducting profile and 
distress surveys to evaluate the field performance of these mixes in terms of field rutting, and 
transverse cracking evolution. 
6.2. Findings 




 Creep compliance data showed consistent behavior for all AC mixes. Compliance 
increased with the increase in temperature and time, as would be expected, and in 
agreement with previous studies.  
 The creep compliance of the LB AC mixes was found to be greater than that of surface AC 
mixes. However, it is jeopardized when RAS was added.   
 The softer grade asphalt binder may counterbalance the impact of recycled materials, in 
creep compliance.  
 TRA mixes showed stiffer behavior and less compliant as compared with other surface AC 
mixes due to its high ABR content and inclusion of steel slag, and RCA.  
 A general increasing trend in Poisson’s ratio was observed with respect to the increase in 
temperature. This is an agreement with the results in the literature.  
 TRA mixes are more rut resistant, however, the rutting depths are generally similar across 
all mixes as mitigation strategies, such as increasing the asphalt content and bumping down 
PG, were employed to counterbalance the effect of high ABR.  
 Flexibility index is sensitive to field aging, which supports the hypothesis that I-FIT could 
capture the effect of field aging; however, an ongoing research project at ICT is 
investigating the effect of aging in AC mixes using I-FIT.   
 As shown in balanced mix design cracking potential may be increased if not addressed 
properly while incorporating recycled materials; however, the rutting resistances 
improved.   
 All LB’s had FI lower than 8.0 due to the high ABR level up to 30%, even though they are 
designed to provide flexible layer and control the reflective cracking.  
 All mixes have excellent rut resistance in the field; however, an exponential increase was 
observed in transverse cracking, which could be due to high amount of recycled materials 
and field aging. 
6.3. Conclusions 
The following conclusions are obtained from this study: 
 The introduction of recycled materials (RAP and RAS) induced additional stiffness in the 
AC mixes, which tends to reduce the creep compliance. Hence, it is expected that such 
mixes would be more susceptible to thermal cracking.  
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 The IDT strength at -10°C is not sensitive to the effect of recycled materials due to AC 
brittleness at this temperature. However, fracture energy density maybe useful to 
distinguish between various AC mixes. However, the results show that IDT creep 
compliance and strength may not be able to detect the effect of field aging and slight 
changes in air voids.  
 A model to predict creep compliance for AC mixes with various ABR content is developed. 
 FI values decrease with addition of recycled materials and field aging; whereas, the 
strength and secant modulus also increase as expected. However, no intuitive trend was 
observed in the fracture energies obtained from I-FIT, which demonstrates that fracture 
energy alone might not be sufficient to distinguish between different AC mixes containing 
different amounts of recycled materials. 
 It is important to carefully investigate the leveling binders while incorporating recycled 
materials; otherwise, its intended purpose might be undermined.  
 A good correlation was observed between FI and field cracking, making it a promising test 
to evaluate of the cracking potential of AC mixes 
6.4. Recommendations 
Based on this study, the following perspective research avenues for further investigation are 
recommended. 
 The proposed creep compliance model could be further improved and improvised with 
more AC mixes having different amount and types of asphalt binder grades, aggregate 
sources, types, and various quantities of recycled material.  
 The preliminary FI threshold of 8.0 set by IDOT could be further fine-tuned considering 
asphalt binder grade, mix type, traffic level, climatic/regional, and project type.  
 The effect of aggregate type (source and mineralogy), and nominal maximum aggregate 
size (NMAS) on FI should be studied. 
 Mitigation strategies that pertains to neutralize the stiffness induced by recycled material, 
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1 Total recycle asphalt (100% recycled aggregate with high ABR) 
2 Percent of mixture that contributes to the indicated ABR%  
  Note: Maximum 5% RAS allowed in total mix by specification 
1 Total recycle asphalt (100% recycled aggregate with high ABR) 
2 Percent of mixture that contributes to the indicated ABR%  
Table A.1 Mixes/Projects Information 













Table A.3 Mix: 137L62 

















































































Time (sec) -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C 
1 0.0548 0.0826 0.1480 0.0533 0.0745 0.1313 0.0372 0.0488 0.0728 0.0411 0.0646 0.1132 0.0462 0.0712 0.1326 0.0399 0.0609 0.1026
2 0.0572 0.0883 0.1657 0.0555 0.0792 0.1447 0.0382 0.0516 0.0795 0.0429 0.0704 0.1284 0.0480 0.0759 0.1468 0.0413 0.0634 0.1092
5 0.0606 0.0991 0.1980 0.0594 0.0877 0.1699 0.0399 0.0562 0.0904 0.0463 0.0802 0.1587 0.0517 0.0848 0.1757 0.0437 0.0681 0.1192
10 0.0651 0.1093 0.2308 0.0626 0.0959 0.1965 0.0417 0.0600 0.1022 0.0491 0.0904 0.1902 0.0552 0.0942 0.2064 0.0462 0.0724 0.1288
20 0.0694 0.1217 0.2736 0.0661 0.1069 0.2286 0.0435 0.0652 0.1172 0.0530 0.1043 0.2344 0.0598 0.1064 0.2471 0.0485 0.0776 0.1415
50 0.0768 0.1427 0.3513 0.0731 0.1243 0.2914 0.0469 0.0747 0.1458 0.0594 0.1290 0.3202 0.0663 0.1281 0.3265 0.0528 0.0875 0.1622
100 0.0845 0.1643 0.4350 0.0788 0.1412 0.3532 0.0499 0.0832 0.1777 0.0648 0.1532 0.4094 0.0731 0.1496 0.4089 0.0565 0.0985 0.1813
200 0.0857 0.1933 0.5518 0.0806 0.1627 0.4395 0.0496 0.0941 0.2200 0.0727 0.1876 0.5307 0.0817 0.1789 0.5249 0.0606 0.1102 0.2033
500 0.1108 0.2434 0.7303 0.0946 0.1981 0.6143 0.0584 0.1140 0.2995 0.0885 0.2499 0.7621 0.0955 0.2331 0.7377 0.0669 0.1334 0.2396
1000 0.1278 0.3010 0.9258 0.1041 0.2396 0.8076 0.0648 0.1362 0.3904 0.1070 0.3285 1.0157 0.1087 0.2921 0.9718 0.0718 0.1446 0.2775
1 0.0561 0.0896 0.1666 0.0418 0.0620 0.1030 0.0368 0.0457 0.0746 0.0485 0.0728 0.1708 0.0452 0.0577 0.0997
2 0.0590 0.0962 0.1857 0.0436 0.0674 0.1199 0.0380 0.0481 0.0804 0.0509 0.0787 0.1891 0.0468 0.0607 0.1077
5 0.0629 0.1088 0.2244 0.0472 0.0755 0.1487 0.0401 0.0523 0.0899 0.0550 0.0903 0.2272 0.0494 0.0657 0.1220
10 0.0665 0.1212 0.2653 0.0508 0.0844 0.1761 0.0413 0.0566 0.1007 0.0589 0.1019 0.2700 0.0519 0.0705 0.1372
20 0.0720 0.1367 0.3177 0.0546 0.0945 0.2131 0.0436 0.0621 0.1140 0.0635 0.1176 0.3306 0.0551 0.0764 0.1564
50 0.0793 0.1647 0.4160 0.0617 0.1122 0.2799 0.0470 0.0713 0.1402 0.0712 0.1475 0.4468 0.0598 0.0867 0.1911
100 0.0869 0.1931 0.5185 0.0678 0.1291 0.3491 0.0502 0.0804 0.1678 0.0791 0.1772 0.5689 0.0646 0.0959 0.2249
200 0.0901 0.2309 0.6521 0.0759 0.1496 0.4462 0.0509 0.0912 0.2037 0.0888 0.2149 0.7342 0.0702 0.1100 0.2705
500 0.1147 0.3014 0.8995 0.0900 0.1827 0.6149 0.0609 0.1111 0.2705 0.1101 0.2968 1.0678 0.0791 0.1332 0.3519
1000 0.1372 0.3813 1.1643 0.1038 0.2144 0.7870 0.0693 0.1317 0.3452 0.1327 0.3900 1.4346 0.0863 0.1594 0.4432
1 0.0532 0.0827 0.1486 0.0382 0.0541 0.0961 0.0328 0.0472 0.0765 0.0507 0.0555 0.1482 0.0340 0.0552 0.0823
2 0.0555 0.0881 0.1647 0.0394 0.0577 0.1062 0.0340 0.0501 0.0861 0.0530 0.0619 0.1671 0.0356 0.0582 0.0879
5 0.0598 0.0984 0.1933 0.0418 0.0635 0.1261 0.0360 0.0549 0.1039 0.0564 0.0723 0.2015 0.0374 0.0620 0.0990
10 0.0637 0.1085 0.2233 0.0438 0.0698 0.1479 0.0376 0.0600 0.1232 0.0602 0.0827 0.2370 0.0389 0.0666 0.1102
20 0.0675 0.1208 0.2627 0.0464 0.0773 0.1767 0.0398 0.0663 0.1486 0.0648 0.0962 0.2838 0.0416 0.0721 0.1272
50 0.0745 0.1418 0.3351 0.0503 0.0913 0.2345 0.0441 0.0780 0.1995 0.0727 0.1207 0.3723 0.0465 0.0789 0.1572
100 0.0805 0.1621 0.4067 0.0540 0.1060 0.2983 0.0484 0.0896 0.2564 0.0789 0.1466 0.4606 0.0520 0.0880 0.1886
200 0.0848 0.1916 0.5019 0.0586 0.1257 0.3957 0.0536 0.1047 0.3349 0.0866 0.1797 0.5773 0.0590 0.1025 0.2323
500 0.1036 0.2404 0.6840 0.0675 0.1638 0.5835 0.0590 0.1336 0.4682 0.1029 0.2506 0.7898 0.0654 0.1292 0.3107














163Y04 163N07 163N08 147Y03 141Y02 140Y02 156Y03 157Y03 159Y02 159Y04 177Y04 185N07 185N08 137L62 138P70 338N67 306M30
-20C 0.344 0.289 0.306 0.291 0.326 0.267 0.262 0.285 0.378 0.261 0.238 0.262 0.326 0.317 0.291 0.444
-10C 0.360 0.350 0.296 0.334 0.389 0.281 0.288 0.355 0.352 0.327 0.289 0.299 0.367 0.344 0.196 0.258
0C 0.367 0.366 0.298 0.352 0.248 0.287 0.300 0.307 0.324 0.392 0.274 0.317 0.341 0.330 0.252 0.215
-20 0.431 0.500 0.255 0.371 0.308 0.351 0.439 0.400 0.297 0.273 0.429
-10 0.382 0.225 0.240 0.494 0.444 0.374 0.369 0.479 0.426 0.402 0.377
0 0.499 0.228 0.341 0.402 0.399 0.500 0.407 0.475 0.449 0.379 0.406
-20C 0.348 0.251 0.272 0.351 0.446 0.387 0.450 0.369 0.333 0.317 0.255 0.222
-10C 0.333 0.291 0.265 0.295 0.393 0.322 0.509 0.302 0.442 0.371 0.362 0.354
0C 0.489 0.340 0.317 0.371 0.500 0.434 0.542 0.499 0.500 0.351 0.284 0.389
-20C 0.302 0.448 0.383 0.274 0.393 0.336 0.352 0.402 0.265 0.245 0.287 0.345
-10C 0.319 0.385 0.300 0.326 0.368 0.399 0.292 0.387 0.291 0.367 0.284 0.375







Table A.16 Creep Compliance of PMLC (1/GPa) 








Time (sec) -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C 
1 0.0350 0.0562 0.0870 0.0393 0.0601 0.2403 0.0417 0.0657 0.1392 0.0415 0.0550 0.0767
2 0.0365 0.0594 0.0970 0.0419 0.0663 0.2561 0.0439 0.0714 0.1479 0.0429 0.0584 0.0830
5 0.0387 0.0652 0.1157 0.0464 0.0783 0.3139 0.0478 0.0810 0.1791 0.0455 0.0644 0.0916
10 0.0413 0.0715 0.1412 0.0507 0.0907 0.3861 0.0518 0.0915 0.2160 0.0479 0.0701 0.1015
20 0.0441 0.0800 0.1770 0.0564 0.1088 0.4895 0.0559 0.1043 0.2679 0.0503 0.0771 0.1150
50 0.0488 0.0941 0.2492 0.0656 0.1426 0.6991 0.0635 0.1281 0.3684 0.0553 0.0902 0.1378
100 0.0535 0.1085 0.3372 0.0746 0.1808 0.9324 0.0703 0.1546 0.4850 0.0594 0.1036 0.1600
200 0.0594 0.1283 0.4640 0.0859 0.2355 1.2744 0.0803 0.1872 0.6482 0.0656 0.1212 0.1849
500 0.0676 0.1677 0.7032 0.1095 0.3319 1.9616 0.0975 0.2506 0.9556 0.0753 0.1520 0.2359
1000 0.0739 0.2151 0.9901 0.1426 0.4168 2.7595 0.1174 0.3223 1.2961 0.0862 0.1825 0.3016
1 0.0350 0.0544 0.0689 0.0414 0.0601 0.1458 0.0397 0.0564 0.1071 0.0347 0.0485 0.0630
2 0.0364 0.0567 0.0741 0.0437 0.0657 0.1693 0.0412 0.0605 0.1206 0.0357 0.0512 0.0683
5 0.0385 0.0615 0.0822 0.0476 0.0768 0.2172 0.0444 0.0683 0.1461 0.0377 0.0560 0.0785
10 0.0402 0.0657 0.0924 0.0518 0.0881 0.2773 0.0473 0.0762 0.1750 0.0393 0.0610 0.0894
20 0.0423 0.0713 0.1052 0.0563 0.1031 0.3492 0.0507 0.0859 0.2128 0.0416 0.0674 0.1039
50 0.0457 0.0811 0.1263 0.0646 0.1329 0.5101 0.0569 0.1035 0.2856 0.0446 0.0793 0.1324
100 0.0490 0.0909 0.1506 0.0714 0.1650 0.6874 0.0620 0.1208 0.3676 0.0481 0.0895 0.1622
200 0.0543 0.1048 0.1900 0.0795 0.2102 0.9498 0.0685 0.1445 0.4859 0.0519 0.1035 0.2037
500 0.0612 0.1274 0.2886 0.0980 0.2913 1.4712 0.0808 0.1891 0.7143 0.0582 0.1326 0.2915
1000 0.0702 0.1562 0.3883 0.1181 0.3819 2.0768 0.0947 0.2374 0.9790 0.0638 0.1582 0.3763
1 0.0394 0.0552 0.0856 0.0505 0.0822 0.1360 0.0298 0.0384 0.0754
2 0.0406 0.0583 0.0932 0.0533 0.0902 0.1557 0.0308 0.0405 0.0821
5 0.0423 0.0634 0.1075 0.0583 0.1062 0.2044 0.0325 0.0449 0.0940
10 0.0445 0.0684 0.1213 0.0630 0.1241 0.2662 0.0344 0.0489 0.1078
20 0.0463 0.0737 0.1394 0.0688 0.1480 0.3626 0.0361 0.0544 0.1254
50 0.0495 0.0841 0.1744 0.0791 0.1934 0.5645 0.0397 0.0647 0.1642
100 0.0524 0.0936 0.2092 0.0882 0.2403 0.7836 0.0423 0.0753 0.2038
200 0.0574 0.1062 0.2560 0.1009 0.3085 1.1116 0.0456 0.0904 0.2584
500 0.0654 0.1293 0.3432 0.1276 0.4458 1.7696 0.0534 0.1221 0.3582
1000 0.0724 0.1533 0.4423 0.1552 0.6112 2.6074 0.0625 0.1576 0.4651
140Y02 159Y04 185N08 338N67
157Y03 185N07 138P70
156Y03 177Y04 137L62 306M30









Time (sec) -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C 
1 0.0412 0.0573 0.0927 0.0373 0.0649 0.1206 0.0387 0.0569 0.1297 0.0264 0.0327 0.0610
2 0.0427 0.0612 0.1049 0.0426 0.0676 0.1259 0.0407 0.0611 0.1416 0.0274 0.0340 0.0675
5 0.0455 0.0676 0.1275 0.0499 0.0740 0.1417 0.0440 0.0687 0.1609 0.0282 0.0360 0.0777
10 0.0482 0.0752 0.1549 0.0524 0.0795 0.1530 0.0469 0.0774 0.1902 0.0290 0.0389 0.0870
20 0.0514 0.0832 0.1937 0.0553 0.0857 0.1717 0.0502 0.0882 0.2314 0.0312 0.0419 0.1010
50 0.0583 0.0983 0.2729 0.0598 0.0970 0.2030 0.0567 0.1083 0.3030 0.0330 0.0475 0.1249
100 0.0636 0.1123 0.3655 0.0643 0.1059 0.2419 0.0628 0.1319 0.3898 0.0349 0.0521 0.1476
200 0.0719 0.1287 0.5071 0.0704 0.1176 0.2957 0.0710 0.1650 0.5143 0.0385 0.0587 0.1816
500 0.0856 0.1674 0.8026 0.0804 0.1463 0.3777 0.0884 0.2201 0.7659 0.0422 0.0666 0.2448
1000 0.1036 0.2209 1.1042 0.0890 0.1726 0.4846 0.1043 0.2658 1.0659 0.0458 0.0783 0.3129
1 0.0369 0.0491 0.0816 0.0407 0.0756 0.2791 0.0424 0.0572 0.1328 0.0491 0.0647 0.1085
2 0.0380 0.0510 0.0912 0.0434 0.0832 0.2839 0.0447 0.0609 0.1470 0.0507 0.0684 0.1174
5 0.0398 0.0551 0.1085 0.0485 0.0963 0.3420 0.0485 0.0679 0.1804 0.0533 0.0744 0.1317
10 0.0418 0.0586 0.1275 0.0535 0.1104 0.4164 0.0522 0.0757 0.2144 0.0558 0.0802 0.1464
20 0.0439 0.0636 0.1537 0.0605 0.1296 0.5235 0.0565 0.0855 0.2583 0.0591 0.0875 0.1644
50 0.0473 0.0711 0.2036 0.0736 0.1635 0.7457 0.0649 0.1036 0.3445 0.0642 0.1000 0.1945
100 0.0507 0.0793 0.2573 0.0867 0.2007 0.9944 0.0724 0.1193 0.4369 0.0689 0.1113 0.2229
200 0.0551 0.0891 0.3330 0.1056 0.2530 1.3670 0.0820 0.1427 0.5580 0.0751 0.1261 0.2602
500 0.0666 0.1060 0.4839 0.1463 0.3630 2.0843 0.0957 0.2030 0.7865 0.0868 0.1531 0.3363
1000 0.0748 0.1224 0.6619 0.2022 0.4967 2.8938 0.1123 0.2433 1.0343 0.0928 0.1820 0.4242
1 0.0428 0.0605 0.1026 0.0414 0.0684 0.1406 0.0342 0.0419 0.0680 0.0360 0.0532 0.0896
2 0.0443 0.0637 0.1115 0.0438 0.0744 0.1593 0.0354 0.0447 0.0745 0.0379 0.0570 0.1018
5 0.0470 0.0700 0.1279 0.0483 0.0857 0.2078 0.0376 0.0490 0.0878 0.0410 0.0643 0.1237
10 0.0495 0.0745 0.1449 0.0525 0.0969 0.2621 0.0399 0.0530 0.1001 0.0442 0.0719 0.1447
20 0.0523 0.0808 0.1656 0.0580 0.1115 0.3395 0.0426 0.0567 0.1182 0.0475 0.0804 0.1726
50 0.0573 0.0913 0.2034 0.0681 0.1392 0.5061 0.0471 0.0650 0.1516 0.0536 0.0972 0.2252
100 0.0606 0.1015 0.2430 0.0784 0.1663 0.6910 0.0510 0.0719 0.1848 0.0606 0.1142 0.2802
200 0.0668 0.1146 0.3009 0.0938 0.1971 0.9449 0.0567 0.0819 0.2308 0.0687 0.1353 0.3601
500 0.0751 0.1393 0.4094 0.1237 0.2587 1.4759 0.0655 0.0955 0.3219 0.0821 0.1776 0.5081
1000 0.0816 0.1665 0.5322 0.1607 0.3173 2.0402 0.0728 0.1173 0.4246 0.0934 0.2256 0.6829
157Y03 177Y04 137L62 306M30
140Y02 159Y02 185N07 138P70
156Y03 159Y04 185N08 338N67






Time (sec) -20C -10C 0C -20C -10C 0C -20C -10C 0C -20C -10C 0C 
1 0.0378 0.0603 0.0927 0.0405 0.0469 0.0737 0.0459 0.0621 0.1263 0.0286 0.0357 0.0554
2 0.0392 0.0650 0.1071 0.0412 0.0491 0.0808 0.0483 0.0673 0.1386 0.0298 0.0374 0.0615
5 0.0419 0.0737 0.1353 0.0432 0.0529 0.0919 0.0522 0.0750 0.1704 0.0310 0.0403 0.0692
10 0.0444 0.0834 0.1669 0.0449 0.0571 0.1041 0.0562 0.0837 0.1976 0.0323 0.0429 0.0788
20 0.0477 0.0952 0.2092 0.0474 0.0634 0.1203 0.0611 0.0934 0.2380 0.0337 0.0467 0.0920
50 0.0531 0.1157 0.2929 0.0494 0.0725 0.1526 0.0685 0.1110 0.3175 0.0366 0.0543 0.1178
100 0.0576 0.1359 0.3796 0.0526 0.0833 0.1836 0.0764 0.1270 0.3996 0.0389 0.0618 0.1445
200 0.0647 0.1638 0.4931 0.0569 0.0981 0.2296 0.0864 0.1480 0.5228 0.0415 0.0724 0.1805
500 0.0767 0.2184 0.6986 0.0623 0.1213 0.3171 0.0995 0.1803 0.7598 0.0440 0.0868 0.2518
1000 0.0896 0.2798 0.9334 0.0683 0.1417 0.4161 0.1123 0.2133 1.0132 0.0490 0.1053 0.3264
1 0.0348 0.0573 0.1098 0.0411 0.0685 0.1394 0.0369 0.0660 0.1635 0.0476 0.0624 0.0842
2 0.0360 0.0608 0.1210 0.0439 0.0755 0.1628 0.0387 0.0712 0.1808 0.0491 0.0654 0.0912
5 0.0384 0.0676 0.1438 0.0491 0.0883 0.2160 0.0417 0.0802 0.2177 0.0514 0.0701 0.1022
10 0.0406 0.0740 0.1678 0.0544 0.1018 0.2769 0.0445 0.0886 0.2539 0.0538 0.0750 0.1123
20 0.0437 0.0816 0.1997 0.0618 0.1216 0.3671 0.0483 0.0995 0.3057 0.0565 0.0818 0.1266
50 0.0492 0.0968 0.2631 0.0759 0.1571 0.5539 0.0550 0.1188 0.4002 0.0605 0.0908 0.1516
100 0.0554 0.1137 0.3289 0.0904 0.1960 0.7701 0.0622 0.1378 0.4978 0.0644 0.0998 0.1730
200 0.0633 0.1380 0.4223 0.1086 0.2488 1.0892 0.0730 0.1675 0.6310 0.0687 0.1115 0.2045
500 0.0777 0.1861 0.6107 0.1452 0.3599 1.6947 0.0903 0.2286 0.8693 0.0763 0.1361 0.2588
1000 0.0906 0.2326 0.8390 0.1786 0.4969 2.3826 0.1048 0.3037 1.1197 0.0837 0.1547 0.3102
1 0.0450 0.0777 0.1126 0.0380 0.0571 0.1299 0.0384 0.0513 0.0823 0.0377 0.0489 0.0747
2 0.0471 0.0834 0.1244 0.0399 0.0618 0.1482 0.0395 0.0535 0.0898 0.0389 0.0519 0.0839
5 0.0511 0.0935 0.1476 0.0433 0.0713 0.1891 0.0411 0.0580 0.0989 0.0414 0.0568 0.1030
10 0.0546 0.1032 0.1729 0.0467 0.0806 0.2402 0.0430 0.0624 0.1144 0.0433 0.0620 0.1221
20 0.0593 0.1167 0.2081 0.0513 0.0933 0.3133 0.0448 0.0673 0.1280 0.0459 0.0678 0.1481
50 0.0668 0.1406 0.2735 0.0587 0.1164 0.4538 0.0482 0.0762 0.1583 0.0502 0.0776 0.2043
100 0.0751 0.1658 0.3458 0.0663 0.1410 0.6065 0.0504 0.0847 0.1881 0.0538 0.0871 0.2708
200 0.0852 0.2006 0.4469 0.0754 0.1704 0.8470 0.0535 0.0973 0.2210 0.0590 0.0982 0.3658
500 0.1058 0.2701 0.6659 0.0938 0.2304 1.2876 0.0599 0.1124 0.2864 0.0675 0.1212 0.5539
1000 0.1312 0.3563 0.9396 0.1149 0.3014 1.7713 0.0662 0.1278 0.3719 0.0761 0.1469 0.7259
157Y03 177Y04 137L62 306M30
140Y02 159Y02 185N07 138P70
156Y03 159Y04 185N08 338N67






















3366.3383 0.1666 0.1523 0.0002 1 0.0677 Do 0.0630 
6732.6766 0.1857 0.1777 0.0001 2 0.0691 D1 0.0047 
16831.6915 0.2244 0.2227 0.0000 5 0.0715 m-value 0.3615 
33663.3829 0.2653 0.2682 0.0000 10 0.0739 SSE 0.0029 
67326.7659 0.3177 0.3266 0.0001 20 0.0770 
  
168316.9147 0.4160 0.4302 0.0002 50 0.0825 
  
336633.8294 0.5185 0.5347 0.0003 90.8562 0.0872 
  
673267.6588 0.6521 0.6691 0.0003 100 0.0880 
  
1683169.1471 0.8995 0.9071 0.0001 181.7125 0.0941 
  
3366338.2942 1.1643 1.1475 0.0003 200 0.0952 
  
90.8562 0.0896 0.0872 0.0000 454.2811 0.1063 
  
181.7125 0.0962 0.0941 0.0000 500 0.1078 
  
454.2811 0.1088 0.1063 0.0000 908.5623 0.1186 
  
908.5623 0.1212 0.1186 0.0000 1000 0.1206 
  
1817.1246 0.1367 0.1344 0.0000 1817.125 0.1344 
  
4542.8115 0.1647 0.1625 0.0000 3366.338 0.1523 
  
9085.6229 0.1931 0.1908 0.0000 4542.811 0.1625 
  
18171.2458 0.2309 0.2272 0.0000 6732.677 0.1777 
  
45428.1146 0.3014 0.2917 0.0001 9085.623 0.1908 
  
90856.2291 0.3813 0.3568 0.0006 16831.69 0.2227 
  
1.0000 0.0561 0.0677 0.0001 18171.25 0.2272 
  
2.0000 0.0590 0.0691 0.0001 33663.38 0.2682 
  
5.0000 0.0629 0.0715 0.0001 45428.11 0.2917 
  
10.0000 0.0665 0.0739 0.0001 67326.77 0.3266 
  
20 0.0720 0.07699 2.47E-05 90856.23 0.3568 
  
50 0.0793 0.08249 1.05E-05 168316.9 0.4302 
  
100 0.0869 0.08804 1.22E-06 336633.8 0.5347 
  
200 0.0901 0.09517 2.53E-05 673267.7 0.6691 
  
500 0.1147 0.10780 4.83E-05 1683169 0.9071 
  
1000 0.1372 0.12055 0.000279 3366338 1.1475 
  




























































Figure A.2 Master Curves of PMLC. 


























































Figure A.4 Master Curves of PMFC_02. 
































147Y03 (LB) 70-28 70-28 4.9 - - - 
156Y03 64-22 64-22 4.8 5.0 (7.6) 4.8 (4.7) 4.1 (5.2) 
157Y03 58-28 64-22 3.5 6.9 (4.6) 4.6 (4.0) 2.2 (5.2) 
141Y02 (LB) 70-28 70-28 5.2 - - - 
140Y02 58-28 64-22 6.6 12.5 (7.0) 12.5 (4.0) 8.1 (4.3) 
159Y02 58-28 64-22 10.4 8.2 (8.3) 4.2 (7.9) 3.4 (6.4) 
185N08 52-34 64-22 4.7 11.3 (5.2) 8.8 (2.7) 13.5 (4.6) 
163N08 (LB) 70-28 70-28 9.6 - - - 
185N07 58-28 64-22 7.2 19.3 (5.1) 8.3 (2.8) 9.5 (4.1) 
163N07 (LB) 70-28 70-28 12.7 - - - 
177Y04 58-34 64-22 10.6 11.5 (3.3) 13.1 (2.7) 7.6 (2.5) 
159Y04 58-34 64-22 11.9 23.3 (5.0) 25.7 (4.5) 11.6 (4.4) 
163Y04 (LB) 70-28 70-28 6.8 - - - 
137L62 52-28 64-22 3.8 5.4 (5.5) 5.1 (2.1) 3.7 (1.8) 
338N67 52-28 64-22 0.9 2.4 (3.2) 4.2 (3.4) 1.6 (2.2) 
138P70 52-28 64-22 4.1 11.4 (0.2) 6.1 (0.2) 3.0 (1.2) 
306M30 64-22 64-22 - 11.1 (2.3) 20.2 (0.7) 12.2 (2.0) 
 
PMLC PMFC_01 PMFC_02 PMFC_03 


























163Y04 3.31 0.15  
163N07 3.24 0.19 
163N08 3.45 0.20 
147Y03 3.11 0.39 
141Y02 3.42 0.04 
140Y02 3.30 0.07 3.05 0.24 6.4 3.23 0.32 4.7 3.47 0.12 4 
156Y03 3.33 0.11 2.93 0.00 7.8 3.56 0.06 4.8 2.56 0.10 5.4 
157Y03 3.27 0.50 3.45 0.19 5.1 3.08 0.31 4.8 2.86 0.22 5 
159Y02 3.28 0.71 Missing 2.68 0.1 8.7 3.03 0.21 6.2 
159Y04 3.17 0.03 3.30 0.05 4.8 2.87 0.28 5 3.20 0.41 4.2 
177Y04 2.95 0.08 3.57 0.18 2.4 3.27 0.28 3.1 3.84 0.20 2 
185N07 2.94 0.06 2.59 0.28 6.3 2.85 0.35 3.8 2.95 0.39 3.4 
185N08 2.94 0.08 3.55 0.30 2.2 3.54 0.16 2.9 3.11 0.08 4.4 
137L62 3.08 0.18 3.50 0.19 4.2 4.15 0.07 2.4 3.66 0.32 2.2 
138P70 3.24 0.11 4.47 0.15 0.4 4.67 0.2 0.3 4.10 0.57 0.8 
338N67 3.07 0.22 3.67 0.05 3.7 3.44 0.19 4.6 3.92 0.17 2 
306M30 Missing 3.52 0.19 3.2 4.03 0.18 1 3.51 0.31 2.1 
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Figure A.6 Peak Loads of PMLC. 




Table A.24 Strength and Secant Modulus from I-FIT Results 
 
 























163Y04 73.17 4.34 
 
141Y02 75.13 4.23 
147Y03 80.39 4.87 
140Y02 61.32 4.57 54.35 2.29 56.57 2.78 72.19 2.23 
156Y03 77.61 5.38 68.28 4.00 86.95 5.55 67.22 3.35 
157Y03 81.11 6.04 72.94 4.23 79.82 4.74 67.09 4.24 
159Y02 60.26 4.77 66.82 2.68 60.42 4.08 94.25 3.49 
159Y04 48.88 3.99 35.81 1.56 39.74 1.46 51.40 1.71 
177Y04 52.56 3.62 49.07 2.33 53.45 1.84 62.22 3.55 
185N07 48.30 3.51 0.26 1.53 55.19 2.74 60.52 2.30 
185N08 50.68 3.89 44.33 2.05 56.80 2.88 50.22 2.25 
137L62 70.72 5.83 60.54 3.06 101.88 4.71 111.10 4.14 
138P70 88.25 7.59 84.16 4.58 98.33 6.27 110.93 3.70 
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Figure A.8 Slope at Inflection Point (m) of Field Cores. 
85 
 
Hamburg Wheel Tracking Test Results 









PG IDOT Selected Passes 
58-XX or lower 5,000 
64-XX 7,500 
70-XX 15,000 

























147Y03 70-28 70-28 15,000 2.8 NA NA NA 
156Y03 64-22 64-22 7,500 2.0 2.5 (7.6) 2.5 (4.7) 3.5 (5.3) 
157Y03 58-28 64-22 7,500 2.5 2.5 (4.6) 3.0 (4.2) 3.8 (5.2) 
141Y02 70-28 70-28 15,000 3.0 NA NA NA 
140Y02 58-28 64-22 7,500 2.8 5.0 (6.3) 3.6 (4.7) 2.7 (4.5) 
159Y02 58-28 64-22 7,500 3.4 3.0 (9.0) 4.9 (7.8) 2.3 (5.8) 
185N08 52-34 64-22 7,500 3.7 4.0 (4.5) 3.7 (3.2) 3.8 (4.3) 
163N08 70-28 70-28 15,000 4.4 NA NA NA 
185N07 58-28 64-22 7,500 4.7 6.0 (4.7) 3.5 (3.1) 2.6 (3.3) 
163N07 70-28 70-28 15,000 3.8 NA NA NA 
177Y04 58-34 64-22 7,500 4.6 6.7 (3.1) 4.8 (3.0) 3.0 (2.1) 
159Y04 58-34 64-22 7,500 4.6 9.9 (4.7) 7.7 (4.7) 6.0 (3.9) 
163Y04 70-28 70-28 15,000 6.5 NA NA NA 
137L62 52-28 64-22 75,00 3.7 4.3 (4.6) 2.7 (2.2) 2.5 (3.1) 
338N67 52-28 64-22 75,00 1.6 1.6 (3.4) 2.6 (4.5) 1.6 (2.2) 
138P70 52-28 64-22 75,00 3.4 2.3 (0.4) 2.6 (0.7) 2.7 (0.5) 
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Figure A.9 Lab RRI vs Field Rut Depth. 
